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ABSTRACT

The ro le  of strong atmospher i c forc i ng events i n  determi n i ng the
evo l ut i on of the upper ocean dur i ng the f a l l  an d e a r l y  wi nter coo l i ng
season was investigated. The histor ica l series of surface and near—

surface mar ine observations at three mid—latitude ocean weather ships

[PAPA (OWS P), NOVEMBER COWS N), and VICTOR COWS V) support the hypo-

t hes i s that t he i ntegrated effects  of these events dom i nate t hi s

evo l ution. For example , per i ods wh en the mechan i cal forc in g was
greater than the long—term mean accounted for approx i mate l y 35% of

the time in the record exam i ned at the three stations. However 85%!

68%157% of the sea—surface temperature change at OWS N/OWS P/OWS V

occurred ~dur ing these periods.
Early—n ine data sets were exam i ned and modeled during periods of

i ntense fall and . winter forcing. The significant therma l structure

modi f i cat i ons observe d du r in g t hese strong eve n ts we re s im u l a ted

successfully using three modifications of the Kraus and Turner C1967 )

one—dimensional model. Ev i dence is presented which demonstrates that

the amount of mechanically—generated turbulent kinetic energy avail-

able for entra i nment decreases as the mixed—layer depth increases.

Fu rthermore , in agreement with G i l l  and Turner (l976) , t hese case
studies suggest that only a small percentage of the convective ly—

generated turbulent kinetic energy i s a v a i l a b l e  for i ncr eas in g t he
potential energy of the ocean by entra i nment.
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I . I NTRODUCT I ON

A . PURPOSE OF THE STUDY

The fu nd amenta l object i ve of th i s st u dy was to i n vest i gate the role

of strong atmospheric forc i ng events in the modification of the upper

ocean thermal structure during the fall and early winter cooling seasons.

Simpson (1969) has demonstrated that the si gnificant air—sea exchanges

(heat , moisture, and momentum ) in mid—latitudes are concentrated almost

ent irely i nto synoptic—scale forc i ng events. For example , during a three—

month period of strong winte r storms at ocean weather station CHARLIE

(52.8N, 35.5W) in the Atlantic , 84% of the evaporation took place in

only 30% of the time i ntervals. The mechanica l energy and sensible heat

exchange were simi l a r l y  concentrated. Additionall y, these large forcing

events were iden t ified with the travelling extratrop i ca l cyclone families

that dominate the mid—latitude weather maps over ocean regions.

Simpson ’s analysis was directed , however , toward understanding the

role of the large heat fluxes in modif y ing the cyclones themse l ves. The

response of the upper ocean to these large heat and energy fluxes was

not considered. In fact information , found in tne literature , regarding

the formation and destruction of transient thermoc l ines by these large

~tmospheric forc i ng events is rather qualitative in nature. A detailed

invest i gation to determ i ne the significance of these large storms to

the tota l evo l ution of the upper ocean therma l structure is therefore

needed . It was the purpose of this study to partially f u l f i l l  this neec.

13



B. FUNDAMENTA L HYPOTHESIS

Denman and Miyake (1973) i nvestigated the response of the upper

ocean d uring a 1 2—day period (13—24 June 1970) at ocean weather station

PAPA (SON , 1 45W) characterized by the passage of severa l summer storms.

They demonstrated tha t t he mi xed la yer respo n se corre l ate d w ith these

storms was significantly larger than the changes in the therma l struc-

ture observed before and afte r ±he storms. The success with which

Denman ’s (1973) numerica l version of the Kraus and Turner (1967 ) mi xed—

layer mode l predicted the uoper ocean response durin g this period demon-

strated that the response was large l y one—d i mensional. That is , the

heat budget of the mixed layer was close l y determined by the vert i ca l

heat fluxes onl y.

The heat and mechanica l energy fluxes reported by Simpson (1969)

were si gnificantl y larger than the fluxes observed by Denman and Mi yake

(1973). Therefore , the fundamenta l hypothesis underlying this research

is that significant upper ocean therma l structure modifications rake

place during strong atmospheri c, forcing events in the fal I and early

winte r. Furthermore , these responses are largely one—dimensional and

are princ i p a l l y  the result of mechanica l mixin g and convective adjust-

ment of the upper l ayers. ~Ve may therefore apply one—dimensiona l mode l-

in g techniques to exam i ne the relative importance of the vert i ca l m ixin g

and convect iv e p rocesses dur i ng these strong fa l l  and ear l y winter

events.

C. SPECIFIC OBJ ECTIVES OF THE STUDY

The specific objectives of tn is study were to examine the response

of the upper ocean during a large number of strong atmospheric forcing

events during the fal l and ear l ’j winter cooling season and attempt to:

14 



C l )  determine the nature of the structura l mo difications that occur
du rin g t hese strong fo rc in g events ;

(2) determine the extent that a modified vers i on of the Kraus and
Turner (1967 ) one—dimensiona l mixed — layer model is capable of
s im u l a ti ng up per ocean response d ur i ng t hese events;

(3) establish the principa l physica l mechanisms that cause these
modifications , and quantify the re l ative importance of mechani-
cal mi x i ng and convect i on;

(4) establish the s gni ficant cha racteristics of the atmospheric
forc i ng dur in g these events;

(5) determ i ne what percentage of the tota l seasonal mixed layer
response may be exp lained during these strong events.

These object i ves represent a substantial departure f rom previous research

designed to understand the m odifications that take place in the upper

ocean therma l structure. It is the first study designed to demonstrate

that strong atmospheric forc i ng events dominate the fall and earl y winter

erosion of the thermoc l m e .  Additionally, it is the first research that

attempts to s imu late the response of the upper ocean durin g t hese stro n9

fall and winter events.

The formu l ation of a new one—d i mensiona l mixed layer model is not

an object i ve of this thesis. To a large extent the modern one—d i mensiona l

theories , developed during the past decade , have had only a few isolated

tests with rea l ~ata . This research w i l l  therefore be directed toward

vali dating a number of modern mixed layer models with a large number of

data sets gathered at the three North Pacific ocean weatfier stations.

It w i l l  be demonstrated that the Kraus—Turner (1967 ) one—d i mensional

theory may be modified to adequately simulate these strong fall and winter

forc ing events. Additiona l Iy, the modified Kraus—Turner mode l w i l l  be

used to isolate and examine the relative importance of mechani ca l mixing

and convection at the three ocean weather stations.

15
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~~~~~~~~~~~_.- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0. OVERV I EW OF ThE THESIS

I n the next chapter the fundamenta l principles govern i ng the evolu-

t i on of the upper ocea n wi l l  be rev iewe d and the i mportant ass umpt i ons

used in this thesis exam i ned in detail. This chapter w i l l  further serve

as a rev iew of recent mixed—layer modeling theories. The ocean areas

stu d ie d i n t h i s  research i n c l u ded t he reg i ons occ up i ed by ocea n weat he r

s hi ps PAPA C 50N, 145W), NOVEMBER (30N, 1 40W), an d VICTOR (34N , l 64E) in

the North Pacific Ocean. In Chapter Il l  the genera l characteristics of

the a tmosp her i c forc i ng an d uppe r ocean t herma l  str uct u re fo und at these

three locations w i l l  be described. The analysis techniques , emp l o y e d  i n

this thesis , wi l l  be examined in Chapters IV and V. In Chapter IV

severa l mixe d—layer models w i l l  be emp l oyed to examine a large number

of data sets in an attempt to accomplish the first three object i ves.

In Chapter V information relating to the fina l two objectives w i l l  be

extracted from the historica l surface and near—surface marine observations

at the three ocean weather stations using a new analysis technique.

Fi n a l l y, in Chapter V I , the significant findings of this research w i l l

be presented and discussed relative to their importance in understanding

and predicting upper ocean therma l structure modifications.

16
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I I .  REV I EW OF MIXED—LAYER MODELING THEORIES

A. GOVERN I NG EQUAT I ONS

The changes that occur in the upper ocean are governed by the conser-

vat iOn laws of mass and momentum, by t he equat i on of state fo r sea wate r,

• and the laws of thermodynamics. In this section the equations represent-

i ng t hese p h y s i cal  la ws w i l l  be exa mi ne d , simplified , an d t r a n s f o r med

into parameterized expressions from which numerica l solution may be ob-

tained . Since many of the important objectives are based on the results

of mixed l ayer models , a careful review of the mixed layer theories w i l l

be presented .

The conservation of momentum and mass are represented by the Navier—

Stokes equ at io n of mo t ion , i nvoking the Boussinesq approx i mation , and

the condition of i ncompressibility.

2

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
÷~~ :~ ~~~

where i , j  = 1 ,2,3

and u. = (u 1 , u2, u 3
) Cu ,v,w)

x~ 
= (x 1, x2,x3) = Cx ,y,z)

Since the Boussinesq approx i mation assumes hydrostatic equ i l i b r i u m  for

the reference state of the ocean , the pressure (p) , and the density (p)

represent departures f rom this state. The reference density is approxi—

mated , with sufficient accuracy, by a specified constant va l ue p0
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(1.026 gr~Vcm
3). Ad ditionally, E

ijk 
i s the permuta ti on tensor, is

the earth’ s rotat i on vecto r, is the Kronec ker delta , u is the

k i nematic viscosity , an d g i s l oca l grav i ty. Cartes ian coord i nates

w i l l  be used throug hout the development and the z—axis w i l l  be taken as

pos itive up from the sea surface.

In the upper ocean the density is primarily a function of tempera-

ture CT), an d sal in ity (s), such that a simplified equation of state

may be assume d: -

p (x
~
,t) = p {l-~[T(x.,t)- T0J+ ~

[s(x.,t) -s0~} (2-3)

where

— I d ~~
_ I ~~~~~~~

- — .
~~~~~, an

The coefficients , c~ an d 3, are taken as constants throughout This thesis

as ~ = 2.5 x lO 4(0 C)~~ , and ~ = 7.5 x IO 4
C 0/oo)~~ .

It w i l l  be assumed that the frictiona l generation of heat and mole-

cular heat transfer prccesses are negl i g ib l e ccmoared with typ i ca l va l ues

of radiant solar energy and the turbulent heat fluxes exchanged between

the ocean and atmosphere . Therefore a simp lified for-rn of the first law

of thermodynamics may be expressed as: I

3T ~T I ~R (z) (2—4 )
~i ~~ P0C~

According to Jer l ov (1968) , the tota l downward i rradian ce in the spectra l

range of 300—2500 nm decreases to 50% of its surface value in the first

meter of t he ocea n, virtua l 1~ irrespective of the water tvse considered.
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Therefore , in this study, the absorption of short wave radiation be l ow

the initial meter wi l l  be approx i mated by:

R(z) = R0 e
YZ (2—5)

where y represents a tota l ext i nct ion coefficient (taken as 0.3

R0 represents the surface absorption , R0 
= .5 Q5 , w here Q5 is the

total solar flux at the surface.

The f ina l expression necessary to comp l ete the system is the equa-

tion for conservation of salt. Once again neg l ecting molecular diffu-

s i on , it ma y be s im p ly  represente d as :

—-
~~~~~ U . -~ -— — 0 (2—6)

J

B. THE ONE-D I MENSIONAL HYPOTHESIS -

The basic assumption of the one—dimensiona l hypothesis is that the

ocean is horizontally homogeneous in all its properties (u j, s, T).

This assumption restricts the domain of appl i c a b i l i t y  ~ o time and space

sca l es over which the vertical fluxes of mass and momentum dominate the

hor i zonta l fluxes. Because of the spars i ty of open ocean measurements

this assumption is difficult to verif y a priori. However , the one—d i men-

siona l hypothesis i s  desirable at this po i nt because three—d i mensional

models are not only far more complicated and expensive , but ~he ~recuency

of observations (especia lly oceanic ) prohibits proper initialization ,

calibration , and validation.
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C. TURBULENT FORM OF THE BASIC EQUATIONS

The tur bulent components a re in t rodu ced i nto the bas i c equat i ons

thro ugh the Reyno ld s decompos iti on techn i que , whereby the variables

a re exp ressed as a t i me averaged mea n an d a f l u c tuati on a bout the mea n

(i.e. T = T + 1’). The prime denotes the fluctuation and the overbar

represents the mean ;

= 

~~ 
f  T d t , (2-7)

for example. The integra l time scale , ~t, should be short compared

with the time in which the mean field properties are changing, but long

relat ive to the time scale of the fluctuations.

A p p l y i ng th i s techn i que 1-O the basic set of equations (neg l ecting

the mean vertica l motion ~ ) results in the following:

+ — _____— i~~ _ — —  —

= 
I 

~~ C R C z )  - p C w’T’) (2-9)
~t p 0  3z o p

o p

— Dw ’s ’ 
~ 0(_  I )

Equation (2—8) is the equation of mea n mot i on expressed in comp l ex

• notation Cc = u + iv ) w ith the geostrophic component removed . Equa—

tions (2—9) and (2—1 0) are the conservation re l ations for mean tempera—

ture (~~) an d salinity (s), while expressions ~~~~~~ w ’T’, and w ’s’

represent the turbulent fluxes of momentum , tempe ra tu re , and salt re—

spectively. The paramel-erization of these fluxes w i l l  be accomplished ,
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i n part , by exam i ning the tur bu lent ki net i c energy budget for the upper

ocea n, wh ich is derived from the Navier—Stokes equation .

If (2—I ) is mult iplied by u
~ 

and subjected to Reynolds decomposi-

t i on , the resulting exp ression w i l l  represent the conservation of tota l

ki netic energy . The conservation of mean kinetic energy is formulated

by the decomposition of (2—I ) mult i p l i e d  by the time averaged mean

ve l oc i ty U. . The tur bule nt k i net i c energy equat i on i s obta in ed by

sub tract i ng the mean f rom the tota l equa ti on an d the res u lt i ng express i on

is:

2 
_ _

+ -~-jCw
’ (.~~

-_ + ~
_-) i = — u~ ’w ’ -~-~2~ — g ~~~~~~~~~~ —c (2—Il )

w here q2 = u~ ’u~’,

= (u , v) ,

and gu . ’ 2

~~~~~ )

The first term on the left is the l oca l time rate of change of turbu-

l e n t  ~i netic energy while the second , the divergence term , specifies the

vert i ca l red i stribution of the tur~bu lent kinetic energy w ’(p ’/p
0
+ q2/2)

by the turbulence. This energy is generated primarily by breaking waves

at the su rface and by the Reynolds stresses acting on the mean flow . The

ri ght hand terms represent the three ways in which turbulent K inet i c

energy is ei~ her ga i ne d or los t. The first of these, which is usually

positive , is the rate at which mea n kinetic energy is converted to turbu—

l en t  ki net i c energy by the work i ng of_the Reynolds stresses —p0 u~ ’w ’

aga i nst the m ean ve l oc i ty gra di ent -~-~2~ . The secon d , the coveriance



betwee n the fluctuat i ons i n dens i ty an d the verti cal veloc i ty, may be

posit ive or negative. If the basic density distr i bution is statically

unstable , t hen f l u i d e lements  mov i ng up wa rd s ten d to be l ess dense t han

those descend i ng,  an d a re l ease of potenti a l  energy ta kes p l a c e  by f ree

convect ion (—g w ’p ’/p0 
> 0). If , on the other hand , the density distri-

bution is stable , the reverse is true and —g w ’p ’/p < 0. Th is covariance

the n represents the rate at w h i ch t u r bu l ent ki net i c energy is expended

by mixing the less dense flui d  downward , thus i ncreasing the potential

energy. The last term Cc ) is the rate at which turbulent kinetic energy

Is dissipated by viscosity and always represents a loss. To sol ve the

system (2—8) — (2— Il ) requires specification of the vertica l structure

of the properties and the boundary conditions i mposed on the domain.

Moreover , this i nvo l ves parameterization of turbulent processes and addi-

tiona l simp l i f icat i ons w i l l  be necessary to ma ke the pr’~ lem tractable.

0. THE BULK MODEL HYPOTHESIS

In this thesis the one—dimensiona l dynamic p rocesses that affect the

evo l ution of the upper ocean w i l l  be studied in terms of the energetics

associated with the turbulent kinetic budget. The Darameteriza -t-ion o’

these energetics is accomp l ished by i dea l i zin o the upper ocean s~ ructure

with the assumptions of the bulk mode l hypothesis (depicted i~ ~~~ 2— 1).

The quant i t i es C~, T5, S5 re p resen t t he ver ti c a l l y averaged va lu e s of

ve l oc i ty , tem peratu re, and sal ini tv , def i ned for example as

= 
h ~ ~~~fc  dz (2-12)

~‘Iith this concept, the densit y structure (T
5, S5

) directl y below the

wind blown ocean surface is assumed verticall y homogeneous to a depth of
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F igure 2— I. Schematic of the oceanic mixed layer .
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z = —h. Below this level there is a discontinuity in the densit y fol-

lowed by a stable density profile. The mean velocity structure is

modeled as being vertically uniform and fu l l y  turbulent in the mixed

layer an d neg l i g i b l y  small and nonturbulent below . Deviations f rom this

vert i ca l structure occur at the top and bottom of the layer where shear

zones are formed. These shea r zones are formed at the top due to the

act i on of t he w i nd on the  water, and at the bottom due to the slab—like

moti on of the mixed laye r over the quiescent water in the pycnoc line.

The surface shea r zone is known as the production zone, where turbulent

kinetic energy is generated by the working of the Reynolds stresses

against the mean veloc i ty gradient. The bottom shea r zone is an entrain-

ment zone of ~r~ickness 6. There is a vertica l flux of mass and momentum

at the top (z = —h ) wh i l e  none leaks out tne bottom (: = —h— 6). i t is

further assumed that t~e Reyno l ds stresses a re a l s o ca pa b le  of generat-

ing turbulen ce in th is zone. Thus the b ul k model concept assumes that

variat i ons from the structu re of the upper ocean depicted in Fi g. 2—I

may be neg l ected and the vert i ca l mea n cuan tities may be pred i cted , w itn

sufficient accuracy, by specification of the turbulent ransfer processes

at i-he boundaries.

To maintain these homogeneous profiles i-hroughot~t i-ne mixed layer a

continua l vert i ca l flux of turbulent energy is necessary thrcughou t the

la yer. When there is a convergence of turbulent energy at z = —h , the

en~~ra i nmeri t zone is destabilized and the excess turbulent K ine 1 ic energy

is expended by entraining f l u i d  from below as the l ayer deepens. ~i ii - h a

downward buoyancy flux at the surface (excess heatin g or p reci citati on ),

it is pos sible that an insufficient flux of ±urb ul ent kire t ic energy may

be available to mix the flu i d  homogeneousl y to the existing mixed layer

depth. In this case a new mixed layer depth is established at the l eve l

24



where the downward vertica l turbulent flux vanishes. Since this l evel

is hi gher  t ha n the p rev i ous laye r dept h , this formation is called layer

retreat. The turbulent motions below this l eve l are assumed to be shut

of f  from the energ y sou rce , and become nonturbulent by viscous forces

on a dissipation time scale. It is therefore envisioned that the mixed

layer is being constantly re—established from the surface , and that

sha l l o w i ng mi xed l aye r s  a re not the re s u l t  of the i nter face mov i ng upw a rd ,

but are the consequence of net surface heating and an insufficient down-

ward flux of turbulent kinetic energy.

E. BOUNDARY CONDITIONS

The boundary conditions w i l l  be specified as a function of time and

the overbar on the mea n quantities wi I I be dropped . The surface stress

is denoted as T and
5

____ 
T + iO
S

— w ’c~ (o) = (L—l )p0

while (~~ - ~~~~~ (0)  = ~5 
- 

~a (2-14)
\PQCQ / 

poCp

The term 
~a 

is the sum of the turbulent ~ Lj xes o1f latent (Ce
) anc

sen~ ible  heat anc ne effect i ve long wave back radiation

The short wave solar energy C Q )  is always taken as a Dositive value.

The surface fl ux of salt is

— T(0) = s (E—P) (2—IS )

where P is the rate of p rec ipitation , and E is the evaporation r ate .
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The boundary conditio ns at the bottom of i-ne mixed layer are derive c

by integrating (2—8) — ( 2 — 1 0 )  over the entra i nment zone (—h— 6 < z < —h ).

Th u s

w ’c ’ C—h ) = — -
~~

-
~~

- 
~c

where ~c 
= cC—h ) — cC—h— iS )

Since only one—d i mensional effects are considered in this model ,

is the time ra re of chance of the mixed l ayer decth (h) due to turbulent

processes. As this expression im~ l ies an upward momentum flux for

- - - -< 0 (an im poss iol I i-y in this system ), it i s rewritten as

w ’c ’(-h) = - A -
~~~~~ ~c (2-16)

where A is the ~eavi si de unit step function define d as

- ah0 i~ 5T- ~
. 0

A = (2—17)

I ~f
‘ at

The fluxes of hea t and salt at i-ne sase o~ th~ mixed ayer are

s i m i  l a r l y d e r i v e d  and a re

/ 
~ — yh

— C—h ) = A -~4 ~T (2 l8)

= —A -
~~-~~

- As ( 2 — 1 9 )
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F. THE I NTEGRATED MASS, MOMENTUM , AND ENERGY BUDGETS

Equations (2—8) — (2—10) may now be integrated over the mixed layer

to form the mass and momentum budgets of the region . The results are:

ac 1
+ i f C

5 
~~~ 

[ 
~~~~ 

- A 
~~ 

C
~j 

(2-20)

1 IQs_9a~ oe
~~’ ~h 1= 

~ L ~0o~ 
-A 

~T AT
j 

(L—L l)

as 
= ~ E 5 E P )  -A .

~~~~~ (2-22)

These equations are suDject to simple interpretat ion . Ecua ticn (2—20 )

show s that the mea n motion of the mixed layer is modified it’ i-He cv —o t et ion

and tne vert ica l f luxes of momentum at ~.be surface and base of ~~e slab.

The surface flux ma’, add or suctract mcmonc~m cecer~ ira on ~ne relative

directions of T arc 2 . O ur ing ~ne peri oc when ~~e mix ~ c aver is
5

deepening i-ne fl jx of momentum at the base is always a sin~ for enercy

(~ c C > 0) and represents the eneroy necessary ~o n p ui s ive l v accele-

rate i-he ertrained ~ l u i d  to the veloc i ty :~ i-re mixCd la ’~er . Eor dee:en—

ing m ixed layer s the densit y, scec i~~ied cv ( 2— l )  and ( —u), w i l l

norma l l y increase due to the turbulent fl u x of aensi ’ y at the surface

and base of the mixed l ayer , while it normall y decreases ~or sha l lo w ino

layers. For stable temperature and salini t y str u c~ ures, ceece n lir layers

normal ly  become cooler and more sal ine w h i l e  the re,erse is i-rue for i-he

re~ reat in g case .

To close this system the time rate of change o~ t~e mixed 3.er

dectn (ah/3t) must be specified . Th i s ‘~‘ay be ccomolished through t~e
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integration of the turbulent k inetic energy equation over the mixed

layer.  It is at th is po int where most modern one—dimensiona l bu lk

models d i f f e r  and the p rocedure w i l l  be given careful consiceration.

One may start by defining the terms of (2— Il ) as ~of lows:

G~ 
= 

_
~ f(-~.~ [w ’C 2— + ~ -)J + u ’w ’ dz (2-23)

= 

~~nL 

C (2—24)

= 

-h-iS 

w~ 5’ dz (2-25)

S~ o f  -
~~~~~ 

(~~
) dz (2—26)

The first tern 
~~~ 

represents the tota l contribution to tre Tu rb ulent

kinetic energy budge t by mech anica ’ :roduc~~ion processes. One second

excression 
~~~ 

is The tota l d issi pation in ~ne layer by viscous forces.

~~e rate at wniC fl cotential anc ~~rbu Ien t Kinetic ererg~’ are cei rg ex-

changed is represen~ ec cy P~ , ~here ~~~ is one — urb~~len ~I ux  of

Du ovancy .

= — g g (c~ ~~~ — ~ C — 27)

R i nal ly, S~ is the ra~e at which ~ne tu rbulent kin etic ener-i v :udcet

for the layer i s  chang i ng, and is commonly Known as ~be storaqa °em .

The in tegrated ~orm of (2 — I l )  may ce si m p l y  expressed as

— D~ 
— S~ 

= 0 (2— 2 3)
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Kraus and Turner (1967) were the first to formulate a mixed—layer

model based upon (2—28 ), except they neg l ected the storage term and

assumed the density a function of temperature only. In deriving an ex-

press i on for P~ , the assumption that temperature and salinity remain

vert i c a l l y  homogeneo us thro ughout  t he mi xed l a y e r, and the relation-

ships represented by (2—9) and (2—10) , require that the vertica l fluxes

of heat and salt be a linea r function of depth . - With this restriction

the trapezo i da l rule may be applied to these fluxes and an expression

for P
~ 

derived as

= p0gaf w ’T ’ dz — p0g~~f 
w~ s~ dz =

p0gh r~
- 

~a R
0FC’(h ) 

~ 
3h 

T2 L p
0C~ 

—

~~~~~~~
•

+ -
~~

. E sCE—P ) + A = 

2 h  h~ b A , (2—29)

where

— 0 - R F (yh)
= p0ga ~~ ° - -

~~ 
5CE_ r)] , (2- 50)

Ab = p
0
gaAT — p0g8 As , (2—31)

and

F(’fh) = ~~~~~- [ i  - e ’~~ - e
’
~ (2-32)
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hAb ~hThe p rocess modeled by —r A represents the amount of turbulent

kineti c energy expended to deepen the mixed layer and increase the poten-

tial energy of the co l umn of water (raise the center of gravity ) by en—
B h

trai ning denser fl u i d  f rom below . 4— is the turbulent kinetic energy

(re l eased potential energy ) generated when B < 0 and free convection

occurs. When B0 > 0 , it represents the energy expended dur ing forced

convection to mix the buoyant surface water downward and increase the po-

tenti al energy .

The function FCyh ) reflects the penetration of solar enercy to some

depth with the property that F(~-h) 
-

~ 0 as yh -
~ (comc l ete absorption

in the layer) , an d F (yh) -
~ I as yh -

~ 0 (complete penetration through

the layer). Substituting (2—29) i nto (2—28) results in an expression for

the time rate of change of the mixed—la y er deptn in terms of G
~ ,

S~ and the surface ~luxes of hea t and salt ;

A = ________  

rC3 _ P 5 ~~~~~ 
2~~~-D~-S~

)
1 (2 33)

(AT— ~A3 ) L °o~ D 
p0g~ n ]

When i-he ri ght nand side is p ositive a deepen i ng mixed layer is credicted.

idhen the terms are negative the Heaviside function is ecua l to zero anc

a dia gnostic equation is formed to obtain ~he depth to wn ic n the layer

retreats. The methods by wh ic n S
~ 
, , and D~ are parameter ccc w i l l

now be described.

The storage ~erm is parameterized in a manner described by Kim ( l 9 T ~ ) .

The vert i ca l mean turbu l ent k i n e t i c  energy of i-he layer , c os t u t . a t ed as

being quasi—invariant in time , is defined as

0

C
2 

= d~ dz (2 34 )
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and the storage term parameterized as

= p
0 O~~ ~~ 

(2— 35)

Kim further assumes that

2 2
= m 1 

w
~~ 

(2—36 )

where m
1 

is a nondimensiona l constant, and

w
~~ 

= 
(

T
s)l/2 ( 2-37)

is the frict i on veloc i ty of the water .

The parameterizat ion of the tota l mechanica l croduction of turbulent

kinetic energy may be accomp lished by integration of ( —23 ) over the

mixed layer , with the integration intervals depicted in w ig . —I .

= _P
o{[~

d ’(~~ 
+ 

~~~~ 

dz +f ~~~~~~~~~~~~~ dz (2 -3 3 )

The first two terms represent the mechanica l p roduction at ne surface

due to atmospheric perturbations and breaking waves (term I ) , and the

work performed against the mean veloc i ty gradient by the ~ev no lds

stresses (term 2). The th i rd term is the shear production in i-ne entrain-

ment zone as the layer deepens. Ni i l e r  (1975) carefully performed these

integrations to show that the contribution of the first two terms is
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proport iona l to the cube of the friction velocit y Cw
~
), whil e the thir dJc 1 2

is approximat ely A -~4 -
~~~

- . Ther efore

m 2
3 3h “sG~ 

= rn
2p w ~ + m

3p A  -
~~~~~ —

~~

- ( 2-39)

and the nondjmen sjona l constants m
2 and m

3 are both of order unity .
The tota l integ rated turbulent Kinetic budget is obta i ned by substi-

tuti ng (2—29), (2— 35), and (2—39) into (2—28).

p m
1
w~
2 

~h + h~b 
A2 3t 2 at

I I I

m p j cj 2 
B h

rn2 p w ~ + 3 0
2 

s— 
A ~~~~~ — ÷ — 0~ ( 2—40 )

I l l  l~’ ‘1 Il

3. CLASSES OR MIXED LAYE~ ‘-100ELS

I. The ~rototy c~ Tur cu len i- ~~U i K  ~oCei

~-~ost molern mixed layer m od el s can be classifi ed as to w h i c n
terms of (2—cC) are usad to p red i ct changes n tne mixed layer prc cer—
ties. Kraus and Turner (l~~ 7), herearter KT, ~ormulated ~he protoi-y~ e
turu blent bu lk model , assumin g a bala nce between terms II , I l l , and V
in (2—40 and neglectin g the rest as fol lows:

b~ b ah ~ 
E n

—
~~-— A -~~-~~ 

= p
0w~ 

— —

~
-— L—4 I

3 2



When the sum of the terms on the right are pos it i ve , the layer deepens

accord in g  to

~ 
2pw ~

3 
- B0h

at = 
hAb 

(2— 42)

However , during periods of weak w inds  and surface heatinc , the right

hand s ide becomes negative and

3
2p w

~h = B0~~ 
(2—43 )

i s  a prognostic equation which ca l culates the retreating mixed layer

depth proportiona l to the Monin—Obukhov l ength sca le  C L ) .  Incidentally,

Kita igorodski ( 1960 ) , using a steady si-ate macel and dimensiona l ana lv-

s i s , reasoned that i- his should be ±~‘e proce r length scale.

Kraus and Turner demonstrated that t n is  model was capab le  of

simula t ing the annua l evolution of the mixed layer with a saw tooth

heating function and constant w ind stress. Denma n and ~1i yaKe (1973)

aDp l ied a numerica l version of KI to a 1 2—cay period at ocean station

PAPA wi t h favorable results. Us i ng observed worc i ng ~hey were able ~o

s i m u l a t e  bot h The d a i l y and weekly changes in mixed aver i-emcerao~ re

and depth dur ing a period of moderate synop tic scale winds , apparentl y

without any significant effects from vertica l or horizonta l adyection.

On the other hand , Dorman (I97d) app li e c the same mode l to cases of

spr ing heating and f a l l  coo l ing  at ocean station NOVEMBER w i t h  l i m i t e d

s uccess , and attributed the model’ s poo r performance to horizonta l

advect ion .

However , these few simu la tion s are not conclusive ev i dence for

the validity of the one—d i mensiona l bulk model (in part i cular KT) and
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a primary obj ect ive of this work w i l l  be to attempt a l arge n umber o f

experiments to gather such ev idence . In addition to Kr, the mode l of

Kim (1976) and the model of Elsberry, Fraim , an d Trapne ll (1976), here—

after KIM and EFT, wi l l  be evaluated. Both of these models assume the

dom inance of surface production and are therefore of the KT type.

Kraus and Turner o r i g i na l l y  determ ined that KT predicted exces-

s i ve mi xed layer depths w hen mec han i cal pro duct i on an d f ree convect i on

were considered together. They conclu :~ e that either their parameteri—

zation of mechanica l production was in erro r or the effects of dissipa-

t i on cou l d not be neg l ected , or both. Turner (1969) found that ~ne

fract i on of t he tota l energy, imparted during an impulsive wind event,

that is used to increase the potential energy by entra i nment was larger

3 - -  -.- - -than p w ~ , as o r i g i n a l l y  reasoned by Kraus and jurner f rom dimens iona l

ana lys s. He suggested that much of the kinetic energy goes into drift

currents and i s  eventually used to deepen the layer;  however he d id

not scecif y the mechanism for this deepen i ng.

2. The Prototype I nertial Bulk M odel

In an attempt to ex cla in the rapid deecening of tne mixed aver

in response to strong impulsive forcing, as recorted cy Turner (1969) ,

Pol l a rd , ~hi ne s , and Thompson (1973) , hereafter ~RT , for mulate c a modei

qu ite dif ferent from Kr. Assuming the density was a f .~nctFon of rerncera—

ture only, they neg l ected the turbulent kinetic energy budgeT and con—

sidered onl y the t ime rate of cnange o~ tota l k ine t i c  ( K E )  and co te r t i a l

(FE ) energy as fol lows:

3PE 3KE4 -n-— r u(o) (2—’44)
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Further, they implie d that at the onset of heavy winds the mixed layer

would respond and move as a s la b, and through the mechanism of mean flow

i nstab i l i ty the mixed layer would deepen . They postu l ated that the mean

flow would remain unstable as long as the bulk Richardson number (R i
)

was less than or equa l to unity .

* cthAlR. =~~~ < I  (2—45)

5

The PRT model pred i cts continua l deepening as l ong as T5
u (o) is posi—

* _ _  2
tive and R. < I . If w ’c’(o) = —w * +io , a particular solution for

( 2— 1 9 )  is

2

C~ 
= -

~~
-
~~— sin ft — i ( l — cos ft)~ (2—46)

At time t = 7r/f (half the inertial period) , t5
u (o) becomes negative ,

the energy flo w to increase h ceases, and since the water cannot unmix ,

h must remain constant and P. > I . The PRT model credicts a maximum

mixed layer ceDth for a constant w
~~ 

as

1. 7 w
~~h = (2—47)

max

where N2 
= g~r’~ and N is the Brunt—V~ is~ l~ freq uency .

Nii l e r  (1975) concluded that the PRT model , in reali t y , assumes

a balance between terms II and IV in (2—40). I f m
3 

= I , then this

ba l ance s imply  reduces to (2 — 4 5 ) .  The mode l is most effective in causin g

mixed—layer depth changes during periods of relatively shallow mixed

l a y e r s  and strong impulsive winds. However, a major dif f i c u l t y with this
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model is that it f a i l s  to account for the gradua l deepen i ng that takes

place during periods of wea k forc ing or when the i n i t i a l  layer depth

is greater than h
max 

. It is entirely possible that the deepening of

the mixed layer may occur as a comb i nation of KT and PRT and that the

geophys ica l situation (magnitude of the wind , l ayer dept h , ~nd ocean

stabi lity ) wi l l  dictate which process w i l l  dominate.

In section IV the one—dimensi o nal  bu lk  models  of Kr, EFT, and

KIM w i l l  be applied to data sets obtained during the autumn and winter

season in the North Pacific. The FRT model was not inc l uded in this

study because the calculations shown in Table 2— I indicate that the bulk

Richardson number remains greater than un i t yduri ng al l  but a small num-

ber of observations during these period s (h 0 
> 30 m) . In perform i ng

these ca l cu l ations it was assumed that at time t 0, h = h0 , and

both PRT and Kr type deepening occur simultaneousl y. Additionally sur-

face heat fluxes were neg l ected , a constant temperature gradient was
hF1 *

assumed , and 2~T was approx i mated by —
~~-— . The va l ues of P. (as

a funct i on of wind sp~ed) are calcu l ated at t = u /f . Therefore values

of R. < I indicate situations when the PRT model would have deepened

a greater amount than the Kr model. Also , it has not been clearly

established that the mea n flow positively becomes unstable at R .

and , in fact, the instabi lit’ 1 may be initiated at mucn lower values (see

Turner , 1973, pp. 97— 1 02).

H. NON—PENETRAT I VE FPEE CONVECTION

Returning to the KT model two difficulties are yet tc be reso l ved.

The f i rs t  of these invo l ves the percentage of turbulent k inet ic  enercy

generated during f ree convection that is actually utilized for entrain-

ment. Kraus and Turner followed Ball (1960) and assumed that 100 Dercent
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TABLE 2—I. R. as a function of wi nd speed (U 10 ) and in i t i a l  layer

depth (h
0
).

U 10 Cm/sec ) h0 
= 30 rn h0 

= 40 m h = 50 m h 60 m

I 4. 2x IO 4 l . 3 x l O 5 3. 2x l0 5 6.7x 10 5

5 70.0 2.2xlO
2 5.2x 1 02 l.OxlO

3

10 5.6 15 .1 35.0 70.0

15 .9 3.9 8.0 15.0

20 1.1 1.9 3.2 5.6

25 1. 0 1.2 1.8 2.9

30 .8 1 .0 1.3 1.8

35 .7 .8 1 . 1  1.4

40 .7 .8 .9 1.1

45 .7 .7 .8 1.0

50 .7 .7 .8 .9
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is used. However , laboratory work by Deardorff , W i l l i s , and Li I ly

( 1969) , and a mo re recent f i e l d  experiment by Farmer ( 1975 )  indicate

that only a small fraction of this energy (1—3%) is actually converted

to potential energy through entra i nment. Furthermore , Gi l l  and Turner

(1975) demonstrated that a fraction equa l to 0.15 was adequate to

achieve annua l cyclic steady state in the potential energy balance .

The reason becomes ev i dent by considering a simple case where solar

radiati on is neg l ected and density is a function of temperature only.

Then ,

= -p g~f 
w~T~ dz (2-48)

or aPE — 

p
0g~~ r 9a Th

- 

2 1~~~— - A 5~~L~1 
(~ -49)

L°~~

Writing (2—33) as

C 2(G~— D~— S~ )
A — AT = r —~~-— + (2—50)at p c ~ h

0 0

where r is the fraction of convect ively— oereratec i-yrbuI en~ kineti c

energy u t i lized for  entrainment , (2—09) bec~~es

aPE - 

p gcLh 
~a— — 

2 
(l— r) ~~

—
~
--- 

~2’~4 1J 4~~ S~ ( 2 — S I )
C D

The KT mode l assumes r = I and neg l ects O~ and S~

3PE . 3
= O w ~
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Equation (2—52) demonstrates clearly that a cyclic steady state balance

is  impossib le in the KT r’mdel and , except when the w i n d  stops b low i ng,

the potential energy increases continual l y. The consequences are exces-

sive mixed layer depths and downward heat flux into the deep layers.

As the entra inment process takes p lace , a cont inua l downward heat

f l u x  into the d eeper layers occurs. Before the seasona l thermoc l ire may

be reestablished , during the spring and summer heating cycle , tn is neat

must be removed by non—penetrative free convection (cooling wit hout deep-

ening ). The Kr mode l cannot accomp l i sn this process and , when inte-

grated over severa l annua l cycles , w i l l  ev entual ly eroce away the thermc—

d i ne. Therefore , the conclusion s drawn t~at nor—cenetrative snee

convection Cr < ) must be an integral part of any mixed layer model

and , following G i l l  and Turner (1975) , a va l ue of r = 0.15 w i l l  be

used in a l l  the models eva l uated in this thesi s Jn c lud ing KT). Tn e

theory explaining how such a large percentage (55~ ) of the k i— etic

energy is lost i s not comp l ete. A certain amount is O is sio ated cv vi s—

cositv , and a~noscheric invest i gations such as T h w n s e n a  (19ff )

and Stu ll (1975) indicate that internal ‘waves oener~ ted by convection

are caDab le o~ radiating energy awa~ rom ~ne mixed layer ints r~ace

into tne grsdient recion .

I . D ISS I PATION ENHANCEMENT

The second dif f i c u l t y with KT is that excessive deepening is pre—

d i ct ed , even when free convection is neg l ected. This is a consequence

•o~ no~ properly parameterizing dissipation. A tank experiment by

Thcm:son and Turner (1975) demonstrated that the entra i nment rate pro—

ducec by a stirring grid is nct direct ly re lo ted to tne ve l oc it i ot t~e

stirrer , but to the turbu l ent velocit y near the inter~ace. 
Tk CV reasoned
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that i-ne turbulent kinetic energy densit y decays with depth and that

less is ava i l a b l e  for mix ing  as t he layer deepens and the entra i nment

zone gets further awe 1 f rom the surface production zone.

The first model to include this p rocess was that of Elsberry, Fra m ,

and Trapnel I (1976). Tota l dissipation was assumed to increase

exponential 1y as a function of layer depth , h , and a scale cepth , Z,

and

-~ 3 —h~~ 7— = p w ~ e (2—5~ )

In this model G~ — D~ is nearly equa l to the downward energy 4 lux

from the atmosphere Caccord i ng to KT) if the mixed layer is shallow

(h << Z) while  it tends towards zero for very deep l ayers.

A more recent model cv Kim (1976) also uses a oe:tn cecendent dis-

sipation param eterization and additionally inc l udes the storace term .

- = .25 p w ~
3 

- P D b h (2-53a)

‘where s a constant background cissipation. The surface :rod~ ctio n

term is cararnete nized according to Kato arc Rh i l i p s  ( l9~ 9), arc

calculated ‘rom tne d issi p a t ion data of Orant , M o i l l i e t , anc V’cce~

(1 63). Kim ’s model has the ad d itiona l interest i ng ~roper~~ ~
1 oem :

able to p redict steady state in the poten tial energ y balance for neutra l

concitions (no neating or cooling). For the Kl . mccc . (2—5~ ) decones

~PE p g c~h “a 3 1 2 ~h -

2 
(l— r) ~—~— -~- l . s5 p w * -

~
- m O

~~~~~ 
-
~~~~

-
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~ . ~. .

and for 
3FE 0 , and 9a 

=

3 I 2 a h1.25 w~ 
— -~- m 1 w* 

-
~
-

~~

Ii = 
— °‘ 

, 
(2—55)

U
b

with solution

ID. t

1 I 2 1.25 w
h = C e\~ 

m
1
w~ ± ___

~~ * (2—56)
5

and C is a constant determined by ini t i a l  conditions.

Th us, neutra l steady state is predicted for t >> ; t h i s  means

that a constant wind is only capable oi deepening the layer to a depth

described by (2—56).

J. VEPT I CA L DIFRUS ION

The prototype turbulent bulk model has the un ce sira c le tendency to

credict abnormall y lar ce temperature gradients at the base of the mixed

layer ( see Cenman and 4 iyake , 1973 , Fig.  6 ) .  Th i s  is  a consequence of

the zero— flux condition imposed at tne base of the entra i nment zone. A~

attempt w i l l  be made in . Th is research to overcome thi s difficult y by

assuming that tne thermoc l m e  is weakly i~ 1-ru sive. ~ ‘e temDerature cc—

low the mixed layer w i l l  be specified by

9T _ a2T
at A 

az 2 
‘

where A is the vertical d i ff u sion coef ficie nt . Tne KT, KIM , a~ d E~T

wi l l  be evaluated w i t n this diffusion tendency to determine i~~s effec—

i veness.
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K. SALINITY EFFECTS

An addit iona l assumption , made throughout this thesis , is that the

densit y structure is a function of temperature onl y and that buoyancy

flux (w~b’) is synonymous with heat flux (~~~T) . This  assump tion

is necessary (but certainly not desirable ) because the data used in this

investigation included neither salinity structure information nor ob-

served precipitation rates. The errors i ntroduced into the system by

this assumption are reflected by (2—33) , and (2—00). These equations

indicate that salinit y changes may be an important consideration depenc—

ing on the season , geog rap hi cal  locat i on , and vertica l depth scale over

which the mode l is applied. An attempt w i l l  be made to determ i ne to

‘what extent this assumption affects mode l performance.

In summary, the fundamenta l principles govern i ng the evolu tion of

tne mixe d layer have been reviewed in some detail , and the assumptions

of the one—d imensional bulk model specified . The expressions that w i l l

be used to examine the phys i ca l processes responsi ble for observed

oranges in the mixed layer are (2—21) , (2—33) , and (2—40).
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I I I .  CHARACTER I STICS OF THE AT~~SPHERIC FORC I NG
AND OCEANIC STRUCTURE AT OCEAN WEATHER SHIPS
CO WS) PAPA (F), NOVEMBER (N) AND VICTOR CV )

A . DATA SOURCES

One of t he larges t data sets for inv est i gating the upper ocean ther-

mal response -1-0 atmospheric forcing is the meteorolog i ca l and oceano-

graphic observations taken at ocean weather ships. To exam i ne the ph v si —

cal mechanisms responsible f~~r chan ging the therma l structure , it was

decided to focus the analysis on the data gathered at Ocean ~eether

Ships PAPA (SON , l45W ), NOVEMBER (30N , 40W), and VICTOR C34N , l64E) in

the North Pacific. Furthermore , since the object i ve of T h s  thesis is

to examine these processes during the fall and earl y winter cooling

season, only data collected during September through December w i l l  be

considered.

The nea r—surface marine observations were p rov i ded by the Nationa l

Weather Records Center and the three —n our lf d ata  included measurements

of sea—surface temperature C T ) , air—temperature (T
a
)
~ 

dew point (T
d
),

‘w ind speed (u a
) , and visua l estimates of tota l cloud cover (C). Table

(3 —I ) l i s t s  t h e years when data were ava i l a b l e  and inc ludes approx i mate-

l y ~~ of the possible three—hourly records.

TABLE 3—I. Av a i l a b i l i t y  of data at the ocean ‘weather stations.

Station Atmospheric Observat ions Mechanica l BT’ s

P 1946, 1 948— 1 970 946, 1908—1 970

N 1 946—1 951 1 947—1950
1953—1 954 1 954—1970
1 956— 1970

V 1 956- 1 970 1 956-1 970
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Information regarding the evo l ut ion of the oceanic therma l structure

was obtained through a n a l y s i s  of mechanica l bathythermograpri ( MBT ) records

provided by the National Oceanog raphic Data Center. The years for which

MBT data were available are also listed in Table (3— I); however , the fre-

quency of these observations was highly variable , and usually numbered

less than a few hundred per season.

B,~ FORMULA S FOR COMPUT I NG ATMOSPHERIC FORC I NG

Exam i nation of (2—21) , (2—31) , and (2—38 ) indicates that the atmos-

pheric forc i ng necessa ry for modeling the response of the upper ocean

includes a measure of turbulent kinetic energy flux (w
~
3), the effect i ve

solar radiation (9), the turbulent fluxes of sensible 
~
9h~ 

and l atent

heat 
~~e~’ 

and the net back radiation 
~
9b~~ 

These variables may be esti-

mated using the measured atmospheric parameters in the fol low i ng bulk

aerodynamic formulas:

V~~ Cu x 102) (cm/sec) (3—I)
D a

3,767 C
D 
(0.98 Ew 

— Ea
) Ua Cly /day ) (3—2)

= 2,488 C0 
CT — Ta

) Ua 
(ly/day ) (3—3)

= l . 1 4 x  ~O
7(273. l ô±T~ )

4
(O. 39_O.O5~~~ ) (l_ C.~ C

4)(l y/day ) (3—4)

where u~ is the friction veloc i ty of the atmosphere and is related to

w~ by

( a ) l/ 2  
u~ 

(3 - 5 )

The non—dimensiona l drag coefficient 
~°D~ 

was assumed cons~ ant (1.3 x

lO s) throughout this study and the saturation vapor pressure of the

marin e atmosphere (E
~
) in direct contact with the ocean was estimated
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f rom the observed sea—surface temperature. The fina l quantity (E
a
) is

the saturation vapor pressure of the atmosphere at a height of a c o r o x i —

rnately 10 meters and was estimated f rom the dewpoint temperature.

Additionally a daily estimate of the effective solar radiation was com-

p uted from the formula develope d by Seckel an d Beaud ry (1973). A more

comp l ete description of the empirica l formulas is presented in A pp endix

A , along with a discussion of their underl y ing assumptions.

C. CHARACTERISTIC AT~~SPHERIC AND OCEANIC CONDITIO NS
AT THE WEATHER STATIONS

Before proceeding to the details of modeling the upper ocean , i-he

genera l character of the marine atmospheric forc i ng and oceanic rasoonse

at the ocean weather stations w i l l  be examined to clace this study in

perspective.

During the fall and winte r, the mean atmoech eric circu l ation at OWE

P and OWS V is dom i nated by a large barometric low cressure system

(Ale utian Low ), and the mean flow is generally westerl y. The mean sur—

face winds at OWS N are under the influenc e of the subtropic high and

are generally northeasterly. However , the most outstanding feature of

the mid — l a ±il-ude atmosphere in the Nort h Pacific is the fluctuations in

the atmosphere associated w i tn the frequency and i ntensit y of trave l I in g

extratrop i ca l cyc!ones .

An ana l ysis of historica l storm tracks , presented in the U.S. Navy

Marine Climatic Atlas (1957) , ind i cates that OWS V and OWS P lie in

close p roximity to the preferred path of the mojor storm centers , whi l e

OWS N is l ocated a considerable distance to the south. The influence

that these storms have on air—sea i nteractions is trere~ ore exnected ~o

be most pronounced at CWS V and OWS P and weake ct at OWS N.
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Fi gures 3—I present a comparison of the long—term mean atmospheric

forcing and oceanic therma l response at the three ocean stations. The

atmospheric forcing and sea—surface temperature were computed from the

three—hourl y surface and near—surface observations wh i  le the bathy ther—

mograph fi l e  was used to establish the mixed—layer depth (defined as the

depth at which the temperatu re was 0.2°C less than the sea—surface tem-

perature). Each point represents the daily average of al l  available

data (see Table 3—I ) smoothed by a 7—day running mea n (for display pur-

poses only).

These figures are presented merely to illustrate tne relative magni-

tude and variabilit y ~f the atmospheric forc i ng and oceanic response

that we might anticipate at the three stations . An important observa-

tion tnat should be made is that the air — sea interactions in tre North

pa cific are r i chl y dependent upon geographica l loc ation. Since we are

interested in eva l uating model performance under a varRt ’ of geophysi-

cal situat ions , these three stations appear i dea l ly suited for ~b is

st ud y. It is also important to observe that there is a s i gnificant cor-

re l a t i on between the  stro ng,  variable forc i ng and large oceanic response

a~ OWS P and CWS V and the re la-- i ve l y wea -~, s-oacy ~orcin g and response

at OWS N. In Chaoter V a deta i led ana ‘isis of these data w i l l  be ~er—

formed , designed to understand the princ i pal mechanisms by w hic n tnese

evolutions ta ke place.

The North Pacific has been divided into distinctive ocean re~g mes

(Tull y, 1 964) based on similarities in the characteristic temperature

and sal inity structures in these regions. OWS P is located in the Paci—

fi c Subarctic region while OWS V and OWS N are located in the Pacific

Subtronic. Figures 3—2 illustrate schematically the major features of

the ocean structure to be found in these reg i ons.
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Figure 3—2. Major features of the ocean therma l structure in the
North Pac ific. (A) Pacific Subarctic Reg ion

(B) Pacific Subtropic Reg ion
(aft er T u l l y ,  1 964) .
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The Pacific Suba rctic region is distinguished by excess p recipita-

tion C E—P < 0), large upward surface heat ‘ f l uxes , and strong mechanica l

forc i ng through most of the cooling season. These quantities i nteract

V 
to create a un i que tempe ra ture  a nd sa l i n i ty structure and the most dis-

tinct i ve feature to be noted in Fig. 3—2A is the ex i stence of a stable

salinity gradien t in the upper ocean. Throughout this region the density

str uctu re is a f u n c t i on of bot h t he temp erat u re a nd sa l in i t y  str uct u re

in the upper 100 m, wi th  the s a l i n i t y  becom ing increas ing ly  more impor-

tant at depths approaching the permanent ha l oc line.

At OWS N and OWE V very similar temperature and salinity structures

are observed (Fig. 3—2B) which are very different from OWE P. The Sub-

tropic region is characterized by large surface heat fluxes and values

of E—P > 0 through most of the cooling season. Consequentl y both tem-

perature and sal init y decrease with depth in the upper ocean and the den-

sity structure is crimari ly a function of the temperature structure in

this region.

OWS P offers a unique opportunity to examine and model the effects

that interse winter storms have on the upper ocean therma l structure .

The largest vertica l flux of turbulent kinetic energy (Fig. 3— ID) may be

expected at th I s station throughout the season , and makes this an idea l

l ocation for examining the pararneter izations of dissipation ccstulated

by Kraus and Turner (l967 ), Kim (1976) , and Elsherry , etal. (1976).

Addition a lly , it should prove instructive to determ i ne if the major a-her—

mal structure changes may be accounted for with a model that assumes that

the density structure may be represented by Only the temperature strjc—

ture , and surface buoyancy flux by only the heat fl u x.

The Stud y of the processes which contro l tne evolution of the upper

ocean at OWS V and OWS N offers an opportunit y to exam i ne these mechanisms
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under d i f ferent condit ions than at OWS P. OWS V w i l l  be characterized

by the largest upward surface heat fluxes (Fi g. 3—IC ) observed at any

station together w i t h  large and v a r i a b l e  energy f luxes .  Therefore ,both

mechanica l mix ing  and f ree convection may be expected to p lay  important

ro l es in modif y ing the therma l structure.

OWS N, on the other hand , i s a n e x c e l l e n t  l oca ti on for test i ng the

mode l ‘s performance  un der rat her weak a nd steady forc i ng. Because or

the characteristic ocean structure in the subtropics , neg l ect in g sa l i n i ty

should not introduce any severe limitations on model performance at

e ither OWS V or OWS N (see Corman , 1974).
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IV . RESPONSE OF THE UPPER OCEAN TO STRONG
ATMOSPHERIC FORC I NG: OBSERVAT I ONS

AND SIMULATIONS

A . I NTRODUCT I ON

In this chapter we i nvestigate the oceanic therma l response asso-

ciated with strong autumn and earl y winter atmospheric forcing events

at the three ocean weather stations. Denman and Miyake (1973) presented

data f rom OWS P (13—24 June 1970) which illustrated the behavior of the

upper ocean durin g the passage of severa l synoptic—scale weather systems.

Further , they were able to simulate the major features of i-re mi xed layer

response to these summer storms using a numerica l versio n of the Kraus—

Turner mode l (1967;. However , the response of tre upcer ocean to the

strong fal I and winter storm events has not been adecuetel y i nvest i gated

and has never been successful ~ sHula tec.

The atmospheric forcin g associate d w i h  the strong events ~~~~ occur

during the fall and early w i ~~~-~r seasons is ~‘i pica ll y muc h more enertenic

than the forcing observed durin g tre :~~‘ong s~ rrmer events . In addHicr

to la rge down war d fluxes or ~ec~an i c a l enero’ . ,  tne f a l l  anc w inter eve~~~s

are frequently characte-i:ed :~ ~r:e u:~~~rc ~ur cul ~~n~ xes Iaten~

and sensible heat. tseretcr .~, r-ec r~~ni ca i m i - i n c  anc conyacti on :ia ’~ an

i nc reas ing ly  important inte rac ~~ive role in ne mi x ed la y er evolu~~ion

durin g the autumn and ear l’~ wHter seasons.

The principal objectives of n ni s :r~acter are to examine ca~ a ucTs

representin g air—sea interactions a~ .W5 F, OWE N , and WS i t o :

I. ShOw that si gnificant unper ocean therma l structure m odi n ica—

i-ions occur durin g periods of strong fall and early winter for:—

ing at the three ocean weather s tat ions;
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2. demonstrat~ that a modified version of the Kraus—Tjrner model

(parameterized to account for dissipation enbancemen~ and non—

penetrative convection ) is capable of simulating a large per-

centage of t hese chan ges;

3. establish the relative i mportance of the mechanica l and convec-

tive p rocesses that characterize the stronc fall  and early

winter forc i ng events at the three ocean weather stations.

In this research the three one—dimensional , bulk models (specifica l-

l y KT, EFT , and K IM ) , discussed in Chapter II , were evaluated at the

three ocean ‘weather stations. Successful simu l ation of the response of

the upper ocean depends upon adequate parameterization of the pr i nci c al

physica l p rocesses which govern the response. The relative ca p abilities

of the three models in simulating the mixed layer evolutions w i l l  be

discussed in terms of the importance of pro p erly peramet eri:inc d issi p a-

tion enhancement and non—penetrative convection.

~~~• PAR ,~ 1ETE~ IZ~TlON OF THE ~‘1CDELS

A m odific at ion of the algorithm presented by Thcmnson C R7ó) was de—

ve loDed ~o narameteri ce the KT, EFT , end KIM models in a consistent

manner. the screme •~as des~~ned to calculate tre potential enem y changes

resultin g from the vert i ca l fluxes of neat and turbulent ~ i netic enercv

that occur in the upper ocean . The sources and sinks of ~urbu lent Kir’e—

tic energy, specified in (2—do) , are carameteni:ea accordi nc t0 the KT,

EFT , and KIM models. The modifications ~f the therma l st~ uctjre by

these vertica l heat and enera’, fluxes are acccmp l isned in a manner de-

scribed i n detail in A p p endix 3~
3T

The time rate of change of the mixed layer tempera~- ure (~~~ ) and

depth ( )  , speci fied by (2-21) and (2-33) , are specified by the

52

— 
~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~



vert i ca l redistribution of heat by the turbulent energy fluxes. In

Thompson ’s algorithm the temperature profile is stored in N equa l l i—

spaced grid intervals — (n --l ) 
~~~~~~ 

—nA Z~ , where n= l ,2,...,N and ~Z =

2.5 m . At each time step (~ t = I hr ) the mixed—layer temperature is

taken to be the temperature in the first interval. The screme does not

explicitly calculate the mixed—layer depth and it is simp k defined (In

the mode l and the BT data ) as the depth at ‘whicn the tercerature is 
V

0.2°C less than the mixed layer temoerature .

The Dasic algorithm was evaluated by Thompson ( V  ) for i-ne case

of mechanica l m ixing with no rad ia~~ion , and for surface coo linc ,~it n no

mechani ca l forcing. Numerica l results from this scheme were e-;uivaIe n~

to the ana ly tica l calculations for these cases. A desirable :r:cem~ .’

of ~~~~~~~~~ algorit n rn is that it conserves roo t  arc :cnent al ero~
V ;~

at each time step. This propert y is imp ortan t pecause it a l l -:ws us To

isolate and compare the rela t ive im p or ~~nce c-f macran ca. ~y :enerated

turcu lent K inetic energy and free convect on in t~e m cdi~~ic3 t i cn of tre

upp er ocean therma l structure .

C. I NPUT DATA

The atmospheric forcing (w~
3
, 

~~ 
0~~~ 2 , 

~~ b ’ ~as os~ ima ec ~rom T~e

routine meteoro l og i ca l observations us ing tre hu I~. crm u las ces cn ip ec in

Chapter I l l  and Appendix A. The turcu lent enem y niu xe s (w
~~
°, ~~~~~, 0~~ )

were calculated every three hours and linearly In ter p ol at~ d t o -’ourly

va l ues corresponding to the integration tim —ste p usec In i-be ‘“opels.

The calculated daily va l ue of effective long—wave rad Iat ion C0 b
) was

‘d istr i p u -red u n i f orml y over the 20 rcurs. The value of net sncr wave

radiat ion (P~~ ) , however , varie d as a ~‘uncti on on m e  solar al m mce.

To aoproximate this effec t, the estimated d a i l y  value was di tmni p ut ed

sinusoidal l v from sunrise to sunset .
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Since the forcing was calcula ted from the observed surface and near—

surface parameters , there was nc ‘eedback possible between the ocean and

the atmosphere . The models ‘were purposely run in this uncoupled state

to insure that each mode l receiv~’h the same forcing. The different model

responses may, therefore , se compared in terms of the differences in the

interna l physical mechanisms spec ified by each mode l . Additionall y , s i nce

any errors in the forcing are introduced in each mo del , they should not

adversel y affect the relative comparison of the different model results.

The models were in i t i a l i z e d  usin g mechanica l ST dana from the NODC

histor ica l f i l e  at the three ocean weather sta ions. In choosing data

sets f-o r testing the performance of the models , t~e lack of ST cata was

tne most limi t i n g  factor . Duri ng many strong f-o r-c ing events the ST data

were completely missing. Therefore ,some data sets could onl y te ini t i a l i z e d

us ing observations which were ava ileo le before tre events and the results

~f tre models val i cat ed us in g data cc~ aine d a ~ew days anter the events

had cassea. Af ~ er exam in i n g  many cata sets , it was obser’-iec that the

morn no ST (w i Th i n 2 nrc cf 0300) c rovic ed a r el i a c l e  indicator of the

trend in t~ o m ix e ’c— lay er dectn an d temoeran ure du r!rc ~he strong f a l l  and

w~ nner events. The i n c iv i c u a l mo rn in g ST observat ions were exami ned and

a numper of sim p le gross error crecks were mace to ~ -s- jrc than the obser—

,at :ns were rea l istic. The trend in the sea—surface tem:enat’am e in the

p- n~~uati o n s was compared with the trend in the Ducket temperature

nep-: --~~~ in t~e marine ceck. I f these two trends were n ot comparable , ~~e

~.ac re~octec . Ac diticna l Iy , the t r en c  in the m ixed — .a’,er ce:~~

was examined ~o insure That it was como ati ble w i t h  the  cnarac~ er o~

computed atncspheric forcing. Fin a ll y, to c’uar: aoa inc t an’.’ si~~-~~e ST

observation seriously biasing tre resu lts (es:eu iall , ~~e i n H i a l  occer—

va tion ), the o ro f iles used in the mode l -we re smc~ Th by -a n ni n a . T~~IS
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morn ng sampling rate prohibits resolu tion of moce l performance during

time sca l es of less than one day. Therefore the ana l ysis ‘wi l l  focus on

the relative capabilities with whi d h the models simulate the genera l

trend in the mixed layer changes on time sca l es of a ~ew oays to a f~ w

weeks.

Some of the variation in the mixed—layer depth  in the individual ST

observations can be attributed to interna l waves w ith periods rang i ng

from the 2runt—V~ is~ l~ period C 1—1 0 m m in the upper ocean) to the

loca l inertial period (between 5.7 hrs at OWE P to 24 “rs ~~ OWE N).

Tne atmospheric events investi gated in this study were pr i marily se l ectec

to inc l ude periods with impulsive increases in the wind speec . Inertial

waves , invest i gated by Pollard (1970) , and Pal lard and M i l l a r d  (1 ~~~~

wh ich are generated b~ these moving atmospheric disturbances probabl y

account for some of the dif ferences in mixed—layer depth between the

mode l and data. However , since these i nterna l osc iIla ~ icns nave relative

sm a l l effects on tne see—surface temperature , tney are easi I f c s i n c u i s n —

able frcm the changes over severa l :avs that are due to the tu rbu lent

prccesses carameterized in the models.

A total of 49 data sets (20 at .~S F, 16 at ~- S  ‘; and I S at ~S ~
‘ )

were fi n a l l y accepted and modeled u s i ng the KT , <V.’, and EFT ‘nc~e Is.

The scale depTh, 2, ~or the E~T model (see Ec. 2—ES ) was ca l ibr a t ec to

six data sets (two from each ocean ‘weather station). A va l ue of 2 = 5C m

gave the pest fit to the mixed lever depTh, in these c al ic n a t i o n experi-

ments , and ‘was used in a l l  f~ rtber applications of the EFT model, It

should be noted , however , tha t none H the data sets chosen for presen ta~

tlon were among the six -cal i :rs~ i cr . sets.

In this Chapter a tota l pf f i i e  iata pets w~ l I be presented (three

fr om OWS F, and one each f rom 2W5 V arc C~ S ‘I). They are i I lustr at iv e of
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the di f ferent  atmospher ic forc ing and oceanic response character is t ics

that were oDserved at the three ocean weather stations during this study.

The first four data sets were selected during period s when the mixed

layer response appea red to be largely one—d i mensional. That is to say,

the loca l heat budget was maintained and a one—dimensiona l mixed—layer

mo de l , adequately parameterized to account for dissipation enhancement

and partiall y—penetrative convection , was capable of simulating tne mixed

layer response. The relative performance of the three models w i l l  be

examined using these date sets to gain insight into tre problem of p ro-

p e r l y  parameteri:ing the important vertica l cr-ocesses. The fina l data

Set was selected to illustrate the capability of the one—dimensiona l

model during periods when non—loca l p rocesses (e.g., advection) play a

si gn i f i can~t- role in the evolution of the i-nerma l structure .

0, CHARACTER 1ST l CS OF THE ATMOS PHERIC FORC i NG AND
OC EANIC RES FON ISE AT OWS P

In this section three date sets from OW S P are examined to i l I ~~strate

the characteristics of the upoer ocean them e response under tre fol ‘ Ow-

ing set of atmospheric and oceanic cond tions :

I. abnormally strong, impulsive mechanica l forc i ng events ccc~ r~~in c

re l at i ’i e l y earl y in the n a I l  wnen ~~ mixed aver i s c ra ll ow;

2. stea d ’/ a tmosoheric forc i ng (equal Th the cI in ato loc ica l average )

occurring in the late fall when the mixed layer is deep;

3. alternate periods of strong and weaK mechanica l forcing, in th e

early f a l l , whi l e  the ocean is being heated .

The first examnle was selected f rom the period 2—I? October l~~ 0.

It is representative of the lar :e upper ocean therma l structure modi 4 ica —

tions that were odserved durin g per iocs of strong, imDu lsi’l e mec na nic~ l
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forcing events occurring early in the cooling season (10 of the 20 data

sets at OW E P had similar forcing ). F igures 4— I to 4—2A present the

rela tionships between the atmospheric forcing , the observed mixed layer

response, and the relative performance of the KT, EFT , and KIM models

in simulating the response.

I n Fig. 4—IA the atmospheric forcing is rep resented as daily averages

of t he s u r f a c e st ress (i~ ), the effect i ve inso l ation CQ 5), the sum of the

latent and sensible heat 
~~~~~~ 

and the net heat exchange at the sea sur-

face (0 ). In thi s chap ter a positive heat flux represents ar -upwa rd

flux . To illustrate the relative strength of the forc i ng during this

experiment it was determine c that 70% o~ the turbulent kinet i c energy and

81% of the net surface heat fluxes for the monTh on October 954 were ex-

changed curing the period 7—19 October (4~~ of ire monTh). Furthermore ,

comparing the forcing received curing -Oc +cber 1954 with i-he long—term

mean forcin g for October (see Fig. 3— I ) showed t hat tne turbulent kinetic

energy flux was 120% larger Than norma l w n i Ic t~ e net suHace hea t flux

was about average durin g October 254.

The surface stress is characte~ i zed by tnree distinct peaks (events)

cente red on II , 4, and  17 October 954. Tne ret s~ r~aoe cooHrg (~~ )

nas only one pea k on II October R54 ‘which coos not cc:un w it r tre largest

Pea K in i-be stress. The magritud e of O~ , a s s p e c i f i e d  b’i (3—2) and :~ — 2 ),

depends to a large deg ree upon the magnitude of the a i r—sea temperature

and vapor pressure differences , in add i~~icn to the w Ind sceed . These

air—sea differenc es were smaller during The second event tnan durin g the

Lirst and third events.

The response of the mixed layer during tnis period is depicted in

Fi g. 4—IS , along wi th the response of the KT, EFT , and KI M mocels. The
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Figure 4—I. Atmospheric forc i ng and observed and pred i cted mixed
layer response at OWS P during the period 7— 19 October
1 954.
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long—term mean trend (CLIM ) is displayed as a basis for comparing the

mixed layer response . During th is  experiment the observed mixed—layer

depth and temperature (30—52 m , 13 .9 — lO .8 ° C )  we re abnorma l l y large com-

pared with CL IM (30—39 m , 13.9—12.6°C). It should also be observed that

the mixed lay€r response predicted by the EFT mode l compared favorably

with the genera l trend in the data (30—55 m , 13.9—10.9°C). The KIM

mode l (30—73 m , 3.9—9.9°C) and KT mode l (30—8 1 m , 13.9—9.6°C) predicted

excessive deepen i ng and cooling.

Figure 4—2 depicts the capabilit y of the EFT mode l in pred i ct i ng

the therma l structure modifications during the period. The agreement

between the data and mode l temperature profile is generally quite good

with the exception of the abnormally large temperature gradient pred i cted

below the mixed layer . In -an attempt to correct this undesirable

property , vertica l diffusion was added to the models. The temperature

change due to diffusion was specified accord i ng to:

3T _ ~
2T

— — A —,~. (4—I )
~t

where A is the vert i ca l diffusion coefficient . A -constant va lu e of

A = O.S

v

cm
2 sec

_ l
, as used by Haney and Davies (1975) , gave acceptable

resu l ts in the data sets mod~~Ied in this study. Tne di f fusion tendency

was ca l culated at each time step with the Euler scheme and added to the

profile after the turb’u lent mixin g p rocesses were calculated. A zero—

flux condition was assumed at t he top and Pottom of the p rof i l e. The

resultin g accumu l ation of heat at ~he bottom was not significant for the

integrations performed in this study (less than a mon r in a l l  cases).

Figure 4—2A shows the results of the EFT model inc l ud i ng c iffusion .

It is clea r that the model with diffusion more realistically represents
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the structure of the upper thermoc line during this experiment. Addi-

t i ona l ly, the diffusion resu l ts in a predicted mixed layer wnich was

0.1°C coo l er and 2 m shallower because of the additional downward heat

flux. It was concluded that vertica l diffusion was an effective means

for prevent ing abnormally large temperature gradients , and hereafter

was included as an integ ra l part of al l  the model s.

As indicated by (2—21) the temperature of the mixed layer is mod i-

fied by the net heat flux at the air—sea i nterface and the downward

entra i nment  heat f l u x  at the base of the deepen i ng mixed layer (~~
T1Cn )

= -A AT ). Figure 4—3 depicts the relative ma gnitude of 
~n 

calculated

f rom the marine observations and w ’T’(h) calculated f rom the three mocels

(for example BASE/EFT). Also included in this figure is an estimate of
V 

the entra i nmen t heat flux from tne data (BASE/OBS). BASE/CBS is i-ne

change

be fore mixin g

— z  — — — — enter mixi n g

of heat content represented by area A in the schematic , less the cor i - r i—

buticn of the surface heat flux 
~~n

1’ For instance if 0 > 0 , the

contribution during the deepening ‘would be to increase A and Therefore

Q must be subtracted . If 0 < 0 , C i s  added to the heat content in

area A . If the loca l heat ba lance is mainta i ned during this evolution ,

then this calculation w i l l  be representative of the entr ainment ~-~ ai-

fl ux . Both measurement errors and non—loca l processes cont ribute to

errors in th is  estimate of entra i nment heat f l u x .

V V V VV V 
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Figure 4—3A indicates that the cumulative entra i nment heat f lux ca l-

culated by the EFT mode l (—8350 ly ) was in good agreement with BASE/OBS

(— 9200 ly). The KI (— 16 ,850 Iy ) and KIM (— 15 ,400 ly) models calculated

unrea l i st i c a l l y  la rge  entra i nment heat f l uxes because of the excess i ve

mixed —layer depth predicted by these models. It should be noted , however,

that the entrainment heat flux , c a l c u l a te d by the EFT model , is much

larger in magn i tude than the surface heat flux (+2400 Iy ) during this

period . Therefore, accord i ng to (2—21) , the principa l mechanism account-

ing for the large sea—surface temperature change observed in the data

was the downward flux of heat occurring during entra i nment . Tne impor-

tant  i m p l i c a t i on i s t hat dur i ng t hese la rge mec hani c a l l y forced events,

an accurate prediction of the sea—surface temperature depends , to a

lan- g e extent, on the accurate specification of the entrainment heat flux .

This is synonymous , in the models , with an accurate determination of the

potential energy changes that result from mechanica l m i xing and convec-

tion (see Eq. 2—49).

Figure ~—3B dep i cts tne changes in the pot ential energy as -calcu lHed

by the EFT model. It should be observed in Figs. 4—IS and 4—SA that the

curves representing -
~~~~~ and w ’T’(h) are mirror images H the c rances

in potential energy due to mec hanica l mixing represented i n Fig . 4—35 •

It i s  s i g n i f i c a n t  to no te, however , that in Fi g. ~— I B  The curve depicting

is also similar in shape to , 
TTT(h) and ~~E (the time rate

of change of to~a l potential energy). The simil a r i t y in the shape of

~~ese curves is characteristic of al l  data sets in which the vertica l

heat f Lxes at the base of the l ayer dom i nated the heat cucaet ot The

mixed layer .

The dNferences in the performance of the EFT , KT and K IM models may

be examined in terms of the potential energy budgets calculated by each
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(B) Potential energy modifications ca l culated by the

EFT model during the period 7—19 October 1954 .
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m o d e l .  T a b l e  4 — I  presents a compar i son betwee n the tota l su rface  heat

f l u x  
~~

0n ’~ 
and the tota l  ent ra i nment heat  f l ux (E w ’T ’Kh )) est i mated

f rom the data and from the mode l results. The fina l three co l umns repre—

sent the tota l potential energy change (E~PE), the tota l potential energy

increase due to mechanica l mixing (Z1
~
PEm )g and the tota l reduction in

potential energy due to convection (~~ PE ). These three quanti ties are

re l ated as fol lows : V

E~PE = E~PE + (l— r) EL~PE , (4—2)m c

where r is the fraction of convectively—genera ted turbulent Kinetic

energy available for entra i nment and is taken as 0.15.

Comparing E
~

PEm for the three models it may be observed tnet in

the KT and KIM models , considerably more turbulent kinetic energy is

available for entra i nment than in the EFT mocel. It should also be noted ,

comparing ~~FE0 with E
~

PEC , that convection was not as important as

mechanica l mixing during this period . An examination H ~~F shows

that the largest reduction i n  potential energy is calculated by the KT

model because the mixed layer is deepest and i-nerefore convection ‘occurs

over a deeper depth (see Eq. 2—5 1). The net result is tret ~LPE is

largest n the KT model and sma l lest in the EFT mocel

It may easil y be demonstrated that the abnormall y lar ge m i x e d — l e er

depth and temperature changes predicted by the KI and KIM models are cue

to ‘the large amount of tur pulent kine t ic energy available for entra inment .

One may express (2—33) as

0 —

(—) i~ ( 1_ 3)
~t m

wrVy re ~b = p g ~LT .
0
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Thus the response to mechanica l mixing, (~~~~~
-) , is the ratio of the tur-

bulent kinetic energy available for entrainm ent (G~—D~—E~ 
= E

~
FE m ) to

the amount of work necessary to entrain the denser flui d  from below the

mixed layer (hi~b). An examination of the models ind i cated trat h~ b in-

creased throughout the period 12— 1 9 October , and that it was largest in

the KT model and smallest in the EFT model. Therefore , the excessive

mixed layer depth response in the KT and KIM models relative to tne EFT

mode l and the data , was primarily due to the numerato r of (4—3 )~ The

lack of dissipation enhancement in the —fT model , and the I hear :ara re eni —

zation in the K IM mode l , are inadequate during this ex :erimen ’-. —o~ eve r,
aT

the data (-~~~~~ and in Fi g . ~— lS ) sugces~ th at the exp onential pan s—

meterizat ion of the EFT model was reaso~able during tnese events. Compar-

in g E
~

PE m between the KT and EFT models snows tha~ tne E~T model calcu-

lates a dissipation rate equa l to 50~ H tre surface prod uct ion ra e. In

the K I M  mode l , however , d i ssipation and storaçe V -w e r e  chL 72~ ot t~-e

surface p roduction. -

The mixed—layer depths ana temperatures , pre’d iThed by ~—e E~ T mccci ,

were quite good , and 2 ~~Tm(h) estimated from tre -cata was in close

agreement -n itn 2 ~~~~~~ ca i cu I Va ed in the E~T model. Tn i s sucge~Th

~-at The :-o entia l enercy onances ca I c~~Ha te c cv the EFT mocel shou d PC

reasonable comsared wit n The potential chances occ urr ing in ~ne uPCt r

ocean (which are not easily calculated over short t i m e ceriods ).

It is important to recognize i-he important contribution o ~~e en-

trainment heat f lux during these large mechanicall y foroea e’.erts. ~~~

yea—sur face ~emcer ture is reduced during tre fal l  and ‘winter ro~ O n l y

by surnace cooling but also by The vertica l re— : sV.ni b u~~on -H the heat

by mechanical mixing. The implication to —o el ing tne upp er :cean response
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is ~hat an acc ura+e pre ciotion of Tne changes in tnt m ixe d— Ia- er dtptb

is essential for an accurate p rediction o~ tnt see—u ur~ ace temp erature

response.

The second case to be examined was cho:en -during tne period 22

• November— 12 December 1957. It is representative of the upper ocean

trerma l response that occurs later in the season ~nen , relative to the

previous example , the mechanica l for cing is weaker and less im p ulsive.

In contrast to the previous case , however , the net surface cool ing that

occurred during this period was larger and , as w i l l  b-c demonstratec ,

plays a more important role in the evolu ti on of the mixed aver . Tbe

s u r ’ace stress , dep icted in Fig. 4—49, is rather steady during this

period , with the exception of two wea k events centered on 25 N ove m Der

and 5 December 957. Inc net surface cooling is also steady wit p no

l arge peaws . Ccmpan isons between -u~~ and Q with the climatc i o g i ca l

trend (Fi g. 3— i ) showed that the transfer of tur b ulent kin e ’~ic energy

during this period was ecout average (~ 04% of the no rma l value ) . Hy w—

ever , more su r~ sc-e -coo l ing o-ccurrec cur ing tnis p en io c than The average

(120 Iy/’:av more than -c limatci oqy ). Tne m ecrani ca l forcin g in t i s

:ata ;e 5 H;ical of 9 of the 20 data sets inv ~csti:atec an dS P.

may be opservoc from DATA in r ig. 4—45 tv-at tne r-usponse of

apper ocean tnerma l sTh-jcture (58—73 m , 10 .1—9. 7°C) w -t 5  -very close o

the long—te rm mea n trend (58—77 m , 10 .1—9 .0°C). It should also be

observed tne thi s  stead-f response was close l y simulate : by the E~ T

mode l (54-30 m , 10. l- -3.o°C) while the KT (58- 118 m , 0.1-9.0°C) and KI M

(58—10 4 — , 10.1—8.0°C) mocels again p redic ted excessive deepening arc

cooli n g rates. The struct arL m o di f I :ations predicted by Th~ E2 mace ! ,

sncwn in Fi n . 4_5 , a l s o  ag ree ver y c lose  I f with the dat-u . The model nct
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only predicted approx imately the correct m ixed—laye r  temperature ana

depth , but accurately simula tes the reduction in the temcerature gra-

dient (AT ) i mmediately below The mixed layer . As shown by G i l l  and

Turner (1976) the reduction of ~T during these deepening events is p ri—

man ly caused by non—penetrative convection. Equation (4—3) may be

exam ined to ve r i f y that a reduction i n  ~T results in the reduction of

V • Oh • •n~ b and , therefore, an increase in 
~~T~m 

. The reduction in oT I S

the principal mechanism by which convection i nteracts wit h mechanica l

m ixing to remit further mechanica l deepen i ng of the mixed !a’V er .

In Fig. 4—6A and Table 4—2 it snould be observed that curin g this

period the tota l net surface beat f lux (+5497 lv ) was considerabl y

larger than the entra i nment heat flux estimated fncm tnt data (—2972 l y ) ,

or calculated by the EFT model (—3431 ly ). Note also that tne entrain-

ment neat fl ux calculated by The EFT mo del is aga in in good anree-~ent

w i T h  the estimate fr:ri The data . The KT (—10240 l y )  and K IM (—9132)

‘-odd s again calculated apnorma l ly large entra i nment fluxes (because on

i race-duato dissi p ation ) and as a consecuence overes t i mate :  -
~~~~~

The potentia l ener gy cnance ocserved in ig . 4—56 and Ta~~I e  4—2 ,

:alculated p .’ the EFT mode! , i s  very di -fe r e n~ ‘than in tre rne vicu s data

set (see Fig. 4—28 end Fab l e 4—I ) . V i Th t he exo eptl on of ~~-a i n i t i a :

increase d u ring the first few cavs , the general trend is 4- gr mn e poten-

tial energy to decrease during the period . As a resu lt the character i s—

OPE Oh 
___

~lc shapes of the curves represent ing ~~~~— , , -dnd are not

simi l a r  as in The previous exam p le. This property is c na rac te n i s t i c  H

The E~ T m cdel when convection plays a cnmina nt role in The evolution of

t e  upper ccea n . the poten i al enem y cn-ances calculated 5.’ the <T and

KI M models may be examined in Taple 1—2 tc see that a tota l rcrease in
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potential energy resu lned in both models. However a comparison o~

-

~~~~~ 

, 
~~~~~~~ 

, and E w ’T’(—h ) between the models and the data suggests

that -~~~~~~~ ca lcu la ted  by the KT and KIM model i - s unreasonab le. These

comparisons further indicate that ~~~~~~~~ calculated b- f the EFT model

should be representative of ~~~~~~ occurring in the upper ocean during

this pen i oc .

The excessive deepening and cooling ratio predicted by the KI~-~ and

KT models may again be related to an inadequa te :arame~e i :ation of

dissi p ation ennancement. In the E~T mc ccl the dissipat i on rate w 35  7 Sf

of the surface production rate ‘w r i l e  in The KI N mode l n~e d i ss p ati on

and storage rate was only 55%. This is to be compared w i t h  the 50~f/

35f calculated in tne EFT/KIM mode l in the prev i ous example . The in-

creased dissi cat ion during this second case is the result o~ a deeper

mixed—layer in this example (58—73 m ) relative to ~~e p r e v i o u s  case

(30—52 m) , and the dissipation nam amete nization s defined by (c—53 ) and

(2—539). As wi th the p rev ous e x a r D le  t ne  a r -ce ~~FE calculated b~m
— V V . - Oh

the K~ and KH mccels result in a Seriou s overesti mate on arc

5

It shculd be observed in Tables 4— I and 4—2 that for tre EFT m ccci

LIFE was smaller in the second exanDle Than in ~~e fir st . r-oweser ,

i~ may be observed in Figs. 4— iS and ~1— 45 tnat is - “carab ie in
31 a ’

totn cases but was much sma l Icr in the second case. One can see

from 54. (4—3) that since G4- — - 4- is smaller in th e secon d case , “iSP must

Oh
also cc sma l Icr for to be comDarab le. Since h was also larger

in the second case , the gradi ent at the ba se -of the mixed layer must be
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sma l l e r, -wni ch may be confirmed in Fi gs. 4—3 and 4—5. I f  we s i m p l y  ex-

p ress (2—20) as

31 ~Q + ~5 .  n 
h

then the smaller decrease in the sea—surface temperature durin g the

second -case , relative to the first , is  understandable. Comparing EQ

and E ~~~~~~— n )  in Tables 4—I and 4—2 shows that the sum of the net

su r f a c e  and en *rainment “c-at ~l uxes were smaller in the second case and ,

as previously mentioned , the mixed—layer depth was larcer . Equa tion
ST

(4—4 ) wo uld therefore explain tre small er ~~~~~~ in the second case.

Equations (4—3) and (4—4) ind i cate That, for compara ble +orc i rg, a

c roon  mixed layer resconse (~~ -and ‘wi l l  take clace -when the

V layer is shallow than when it is ccc:. t~ e import ant implication is

that the large storms -w ni cb ‘t C K C  pla ce earl y in the cooling season w i l l

have a much lancer ef’-act on thd m ix e~ —la ver ceptk an d temperature than

those occurrin g relative l -, later .

The fina l data set to ~e presented in this section -was selected for

the :enioa 1— 1 5  3ep ember 1 956. It i~ i l l - u s o n ati v e of con-b i !cns , i n

ear ly Sep temper , w hsn t e  mechan i cal orci ng is characterized cu a i er—

n a e  p erio ds of relativel y strong and weak. orc ing, and w her VV
C

V.V s’ar 4ace

heatin g is occurring. Under these conditions the m ixea layer ~req u e n t l y

deepens during the strong forcing and retreats -during the -yeaR forcin g

:eniods (see Chapter II , Eq. (2—~ 3) ~cr a -discussion on t n s  p rocess).

It w i l l  be dem~:nstrated that a procer :-arameteri:a icn of -dissi p ation

is e s s e n t j j (  Th s im u la te thi s t~ pe on ocean response.
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An exam i nation of Fig. 4—7A shows that the mechanica l forcing is

char acter ized by three events , centered on September 4 , 8, and 12 , and

the beginning of a fourth event on September 14. Further it snculd be

observed from Fig. 4—7A -and 4—9A that net surface heating takes place

throughout most of th is perio c , while the mixed—layer temperature is

decreasing (Fig. 4—7B). Because net surface heating is occurring wh i l e
31

< 0 , (4—4) shows that the decrease in the sea—surface temperature

is entirely due to the entra i nment heat flux. Therefore during periods

characterized by net surface heati”g , the sea—surface temperature change

is predictable on ly I” the entra i nment process is properly parameterized.

In response to this alternately weak and strong mechanical Lorc i ng,

the predicted mixed layer depth alternately retreats and deepens (Fi g.

4—TB). Figures 4_75 and 4—3 illustrate that tne EPT mode l simulates the

evolution of the m i ;<e-b laye r ~u i t e  we l l d u r i n g  this period . As expected ,

the ~~ ~~ae1 cons istently predicts a zeecer , cooler mixed layer tra p the

KIN an d EFT models. however , during ~n is Peri od , contrary to the previous

exam o les , the KI N mo cel Pred icts a warmer anc sh a l lo wer mixed layer than

the EFT model. The exception to this is durin g The Period s fol lowing

the first and second events . Thi s  suggests ~~at less turbulent ~ineT c

energ y is ava i -a: Ic for en b rai ”- ment in the KVd model than in the EFT ‘-cccl ,

~~ :c:— d ur in g  The :ea~~s in the forcin g .

Table 4 —3 may be examined to SnOw ~bar the three d int erent predicted

mixe d layer responses are due to the dif ~ erent ansur rotion s regarding

dissipa t ion enhancement. Ccrn :arino LIFE and LIFE0 I~ OC’ v be observed

that convection played a relatively minor role - l uring this perio d . The

interesting observat ion is that LIFE is lancer in The EFT model trapV.

in the Kr~1 model (as the observations from ~~~ 4—7B suggest). This is
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a departure from the previous data sets and may be understood by an

examination of the dissipation enhancement parameterization in eac h -

model.

We may exp ress (2—53) and (2—53a ) in the fol lowing form

= 0 for KT
— 

~~
_______ = e Z = 50 m for EFT (4—5 )

V)p
0
w~

— D~ ~ 
Db

h

3 • V ~VV V 3
C ‘w
0 -  *

V Equations (1—5) and (4—6) represent the ratio of turbulent kinet ic

energy (G~—D .~) available for mi xin g  to the surface production accord-

ing to tnt ~~~ mozel  w~~~~~~. The ra tios in (4—5) and (4—4 ) are

pi-oThe d in Fi~~. -1—l a as a ~urction :f .anious wind s:eeds and lever

zept~ s. T-~ ’ ma-i be inter pr eted as the pen :enoage of rec rani cal pro-

duc tion of V.ur~~~I e n t ererg’~ (relative to surface production or tne K

model) av-a i Hole for e~~~ra i r ” ~ent in the -icnic ~s models. In the ~T

mode l d i ssi p at i on enhancement is r~ t panametor ized and —2~ H a l - V~ays

edua l to . I n the ~~T mo d e l  
~~~~~~~~~~~ 

is t~ u~~l ~~ 
~~~~ 

onl y

far tnt t r i i i a l  case pf h~ O . In generc i 1 _ = < 3~~~~c 
acccnz rg

to (-u- ) and therefore The KT mccci a l - w a - V - - s  predicts a ceeper , cooler

m ixed la ’~en t han the E°T model . ~o-wever , :ecaus-a the surf ace p roduc-

t i o n  in m e  KI M mode l was par-eme~ en i:ec accor dino to The KaTh and

° b i l l i p s  (1969) exper im enta l results , it H 25~ lar p en Than in 1’e rT

-and EFT models. Dissication en”arceme rt :araneThn :ed ~ h The K I ’

mcde I as a I in- ear func tion of depth an d a :onstant bac~crouna
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dissi pation (see Eq. 2—53a). In Fig. 4—1 0 it should be -observed that

there are combinations of wind speeds and mixed layer deptn for which

the amount of kinetic energy available for entra i nment predicted Dy the

KIM rncael may be greater or smaller than either the KT or EFT mode l s .

Guring the events characterized by strong mechanica l forcing , the

response of the KIM model is ver’/ s imilar to the KT mode l and excessive

mixed—layer depths are predicted . However , during periods of wea k

mecha nical f o r c i n o , the mixed—la yer depths predicted by the KIM mode l

are too shallow and consequently tn-c mixed—layer tempera tures are toc-

warm . These mod el results ~urtber suggest tha~ tne ex?cnent i al para-

meter i zat ion of G~ —D~ , in the EFT mode l , mao be cal i brated for a

-w ider range of wind speeds and layer depths tha n the linear paramete n i—

cation in the K I M  mcccl.

E. NFCRT.~NCE OF NC~
_ nE~lETPA TIVE 2ONfEOT I DN

In The previous three exam: les the Dercentage of c-onvecti -ie l i—

qenenamec tun p ulent Kinetic energy a-ia i l ab l e 4or entra i nment was set

equa l o l5~ (r 0.15 in Eq. V~~50) fo l l o w i n g  G i l l  and Turner (1975).

in this section 1± w i l l  be demonstrated tba~ nc-n—cenet nat i~-e convection

(coolin g -of the m xed ia ’~-~n witho ~ t deep eninc ) snou ld pe an i ntegra l

paTh ‘of any t-ur:ulen m p ulk m odel . Fjfltbtn~ort , tHs :ro:ert’i a

abs ol u tely essential during the fal l  anc -winter cooling seasons to pre-

vent The models f rcm p redicting excessive -deepen i ng and cooling rates.

G i l l  -and Turner reported that the p otential energy of ~n.e upper 250 m

at nine ocea n -weather stations in the Atlantic reaches a maximum by

earl y October an~ decreases -du ring th e October to ~arch per i od . t~~~C~ V-

were successtul in si * u la t i n g thepe potential erero~/ changes wi t n a
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modified version of the KT model w ith r = D .l 5. The experiments of

Oeardorff , et a l. (1969) and Farme r (1975) suggest that r is of the

order 0.01—0 .15 but there were uncertainties in the ir estimates. How-

ever , the essential feature that must be simula ted by the models is a

V 

decrease in the tota l potentia l energy -du ring periods when tne upward

surface heat flux is larger than the entrainment neat flux.

The data set chosen to illustrate this point is f rom O~ 3 V during

the period 7—19 October 963. It was se l ected because it is typica l of

the res p onse of the up:er ocean at 7 5  V during period s -when the ne~

surf ace heat flux is positi ve and larger than the entrai nment neat f lux

(IC of the 3 data sets examine d at 545 1 are in th Is category). In

th i s  exp eriment , o n l y tne EFT model was used and the fraction of convec—

tive l i—gene rated tur p u len t kine~ ic energy a v a i l a b l e  for entra i nment was

‘ ,a n ied petw eer I5 ~ and I D0I~.

F i g ures -~— !I to —I 3 dep i ct tre calculated 2r:inc and tne nelative

I t ’ 1 of t~ e EFT model W I T h  var-; ing amounts of non—penetrat ive

:onve~ ticn . The atmo spheric no rcing (Fi ~~. 4— I A) is cnar -cTeni:ec :v a

in ‘-re stress and surface cooling 
~~~ 

c_ f l , e r e d  on l Totocen. Ho—

pare d w i n  5 e  ~or:Ho in tn -c first e x a m : l e  p r e s e nt e d  (Fig . 4—IA ) , the

tu r J e n T  K H C T i c  e n e rt .  ~x was nearly u ive times smaller , Put The

~at su r+ ace beat f lu x .~~s argon b / 550 lv. In The next cne~~er t x i !

:e demonstr .atec that large up -ward neat f lu x es are common at u~S S because

tre ex~ -eme ly large air—sea temperature and vapor nnessure dif ferences

during The ~a ?I  and early wi n tr seas-m s.

In Fi g. 4— j I B I t sh cul d be 0Dser ’V -~n c that a si gni ficant m i~ ec layer

response cccurrec (42_60 m , 2d~~~ 53 5°5)~ It should also p t noted ~~aV.

the EFT model (n = 0.15 ) s im u l a Th s this response wi th txcelie n t acnee~ e
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with the data (32—6 ! m, 24.3-23.4°C). ~lote also in Fig. 4-12 the good

agreement between the EFT model (r = 0.15) profiles and the -data pro-

files. However , the EFT mode l ‘with r 0.5 (42—68 m , 24.3—23.2°C) and

r = 1.0 (42—74 m , 24.3—23 .0°C) predicted dee~enin o and cooling rates

that were too large .

In Fig. 4— 1 3A and Table 4—4 it should be observed that the net surface

heat flux (+3000) was larger than the entra i nment heat f l ux estimuted

f rom the data (—1870). As prev i ously mentioned , this should resu lt in

a tota l decrease i n the potential energy and Fig. 4— 1 3B and Tab le 4—4

show that the EFT model with r 0 .15 pred i cts this response. An examina-

t ion of the potent ia l  energy mod i f i ca t ions  by the three va r ia t i ons  o~ the

EFT mode l (Table 4—4) illustrates the importance of proper l-i maramet eriz—

ing non—penet ra t i ve  c o n v e ct i o n.  I t is imcontant t-o observe that ‘or

r = 0 .15 (l 5 ~ of the c o n v e c t i v e l - 1- — o en erated t u r b u l e n t  K i n e t i c  e- encs

avai l able for entra inment ) era n = - D 5  the tota l p ot e n t Ia l  enen:-V - I CPE )

is  dec reased in the mode l , w h i l e ‘or r 1.0 it is increased. i~ aoT ,

as discussed in Cheoter II (see 2— SI ) , a ~ocel ‘w i th  f u l l  pene n a t i - ~e

convection (r 1.3) must increase The potential ereroy . In accorcance

w ith The fin d i n g s  of G i l l  arc Turner ( l ? T t )  a m cccl with r .5 w i l l

not be useful tor seasona l integrations. T~-e pre se— t  n V t s J J * s Tho m tn -c

EFT moOt ! w i t n r = La i n d i c a t e s  that , in certain circ~nstances , i w i

also be wrong for very short integrations duri ng the coolirg seas-on.

Tne results ‘ram the EFT mccc l -with r = 3.15 sugoest Thi s mode l (with

an exponential d i 5 s ip a t lon :anaoeter zation) neasonabl~ si mu l a~es h i s

p recess.

An additional reason for presen tin g tn i s -:aH set is :eca-use j*~~

time frame (7—19 October ) is the same as th~ ,-irst exam p le (~~i-g . d — 1 )
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from OWS P. Since these two examples are typica l of the atmospheric

forc i ng events and associated oceanic response at these two stations ,

they may be compared to i l l us t ra te  the essen t ia l  d i f fe rences in the

physica l mechanisms that modi fy  the upper ocean at these two stations.

Comparing EL
~
PEm (for EFT , r = 0 . 1 5 )  in Tables 4 —I and 1—4 it is ob-

served that nearly four times as much turDu le nt kinetic energy was

available for entra i nment at CIIV
~S P as at OWS V. It should be further

noted that the deepening rates (~~~
-
~~~) were comparable but resu l ted  in

a si g n i f i c a n t l y  larger -d ecrease in the m i - e d — l a y e r  temperat ure at OWE P

- -(compare ~~ and in Figs. ~i—l3 and 4— 1 1 8 ) .  Cons idering the

ra t io  def ined by (4— !) h~ b oust ~e significantl y l a r g e r  a t OW S P .

Since the mixed layer is deep~~r at ~~S V during these data sets the

below layer gradient (represente d in the model as ~T) at C4’~S ~ must

account for hAp bein g larger at 0~ S °. It may be observed in Fi gs.

4 — A  and 4 — 1 2  t~~~t the pe l ow aver gradient at OWS P is  t i p i c a l l y

m uch l a r g e r  than at C~ S 1. tnene ’cre si g ni fican t ly more work is re—

~u i red  to deepen tnt a ver at CaS ~~ . hcwever , ‘on comp arable dee Pening

rates as in these two cases , the resu lting entra i nment heat f l u x  w i l l

be mucn larger -at ThE F Than at - OW E V -l -cor:are E ~~~~~~~~~~~~ in Tap les

4 — I  and 4—4 d uri n g these *wc cases). The larger entrainment flux at

0-WE P is the pr i n c i p a l  reason for the larger sea—surface -V em:ereture

change , since the net surface heat fluxes 
~~~~ 

are very si m i l a r  during

these two cases. Since tnese two examples are typ ica l of the response

of th a mixed layer at these two stations during the f a l l  and ‘winter

storm events it is suggested that the entra i nment beat flux pla y s *b~

most dominate role at OWE C -I~h i l e  tne entra I nment heat flux at 045 1

is less important , it is s t i l l  an essential part ci the loca l beat bua—

net of the mix ed layer , and can not oc ignored.
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In th is  and the previous section the data sets examined i l l us t ra ted

the different upper ocean responses that occur under various atmospheric

forcing and initia l  oceanic conditions. It should be noted that large

upper ocean therma l responses may take place when either the mechanica l

- 

‘ forcing or upward turbulent heat fluxes are large. It is also imoortant

to note once again that both the surface heat flux and the entra i nment

hea t flux must be specifie d in order to predict the sea—surface tempera-

ture. It sh ou ld also be noted that during these large storm events , the

response of the ocean is primarily one— olmensiona l because tn-c vertica l

heat fluxes are extremely large during rela~~ive short periods. To ade-

quately simulate these large one—dimensiona l responses it has been

demonstrated that an adequate par amet erization of dissi p ation enhance—

V 
ment and non—penetrative convection is abso l ute l y essentia l . A combin e—

i on of r = 0 .15 (after G i l l  and Tu rner , 1976) and the EFT mo del para—

motorization of dis si :ation enhancement consistentl y were i n - betten

agreeme nt wi t h the data than the KT or KI~1 mo dels.

~~. I ’ V12ORTANCE OF ~ICN LOCA L EF~ ECTS

In this section the performance of the three mo cels W i l l  me examined

dur i ng a :enioc when tnt loca l bea t pal ance was n0 mainta i ned. The

purpose of tnis presentation i s  t~p demonstrate t n-at  be o r e — c i m o n s i o n a l

mode l is capa Dle of p roviding useij Thopenat-ure Str-u-ltune in ~ onoaTion

during periods charact orize c by large hori: ontal hea t fluxes. Tne da~ a

set :rosen to illustrate these points i s f rom 2i~S N ma rin a The m eriod

~—24 November A55 . Figures 4—I d to 4—16 again -de p ict the na jre cf

the f o r c i ng ,  the observed miV K e d  aver response , and the relative :ernm rm—

ance of the mod els. The data set is characterized by two distin ct events

centered on November 15 and 22 (see Fi g. 1—I 4A ) and the ~urbuIent kinetic
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energy and net surface flux excn-anged during these events were - iery

strong compared with climato l ogy (tota l u 4
3 for No-verm er 1965 wC5 2050-

of the cli natologica l mean for November and total C was 60% of tn-c

mean). During the period 9—29 November 955, 95% ‘of the tota l mon nl y

turbulent kinetic energy and 80% of the net surface heat f u x  -were

exchanced.

It-should be observed in Fig. 4—NB and 4—IS that the EFT mcccl

accurately simulates the evo l ution of the mixed l ayer through November

9 and suggests tha t tn-c l oca l  heat pa lance  was mainta ned d u r ing  t h i s

period . The estimate of cumulat ive entra i nment heat flux Thom the cata

(F ig .  4 — I S A )  -on November 19 a l so  supmcr ts t h i s  su gg es t io n . how ever c f—er

November 9—20 the observea rn ixe o— la yer temperature meoroasec s l c n i f i —

cantly, relative to al l  tne models , whi le the mi x e c— l a ’V -er dept h  w a s

simu l ated quite w e l l  by tne OFT moce l . Furthermore , in F ig . 4 — i S A  it

may -me opserved tn-at ne entra i nment heat ~ Iu x , est’mate d f rom t he data

f rom Novem per -9—2? , copters to me too lance. Tn-c ia’xer ce:~~~, accorc—

in g no tnt da-~-a , o n l y increased E rn durin g n-e :eniod Nc-yeomen

T h i s  s m a l l  coup led w i T h  the wea~ en:era~~re gr e-cient i mm ediate l y

tn -c mixed laye r ( F i g .  ~— l 5 ~ , wOa l d  rot sa po or ~ BASE. 085 C F i : .  -2—

l5A ) dur ing  t h i s  2- t r iad .

Tn-c reason n-cr the difference :et wee~ ~~e opse nv~ d era mood m i~~ed

layer tennerature during 1-lovemPer 2 0—29 is prePare d to be due a ho r i—

mo rta l n er usi-o n of a c:! w ate r  mass i - ~t2  the region . T h i s  :ne sumo ’cr

is :-aoed upon the observations from r ig . -1— iS that The c n n - i — c  d a c

f i l e  (ever btl:n tb- c m ix ed  l e v e r )  is :oLer relative to The E~T ‘ - - :
~~~ V

-Dur ing tn - is p eriod the ocean weather ship nepcr~ aa iTh pcsi :r

0 ‘I ’~ ci SON — 4 5W and t- berenore sh ip  d r i f t  was n— ~~ — -asmo r E -

- - m : e - 3 t J n e  c- -arges. Sin— p c The ‘- en-: en-aThre ~- han~ -ec :h~
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can not be due to vert i ca l m i x i ng, i t i s suggest i ve of a horizonta l

heat flux.

During this period the EFT mode l was able to simulate the mixed—

layer depth qu i te well and the character i sti c slope of the temperature

profile was maintained. If the pr inc i pa l mot i vation for this forecast

was to predict the therma l structure mod ifications , say for predi cti ng

the resulting changes in the acoust ic properties, then the EFT model

results woul d be very useful. These mode l resu l ts further suggest that

i f the hor i zontal heat fluxes were spec i f i ed, say from an ocean genera l

c i rculat i on model , then the EFT mode l would be capable of pred i ct i ng

the tota l response of the upper ocean with adequate accuracy.

G. RELAT I VE PERFORMANCE OF THE EFT, Kr , AND KIM
~~DELS AT OWS P, OWS N, AND OWS V

In this section the relative performance of the EFT, KT, and KIM

models w i l l  be evaluated at the three ocean weather stations. F i gu res

4— 17 to 4— 19 dep i ct the daily observed mixed—layer depths versus the

p redicted depths for the three models at the three ocean weather sta-

tions. The diagona l lines are drawn to aid in relating model results

to the loc us of perfect pred i ction. In Table 4—5 the RMS and mean

errors for the mixed—layer temperature (MLT) and mixed—layer depth (ML~ )

are p resented +or the three models at the three stations. A negat i ve

mean error i n MLD ind i cates that the model , on the average , pred i cted a

deeper MLD. A negative MLT indicates that, on the average, the model

predicted MLT was warmer tha?~ the observations. The RMS and mea n errors

• are based on the daily (morning) observed and predicted MLT and MLD and

are based on 313 val ues at OWS P, 238 at OWS N, and 208 at OWS V (this

includes al l  49 cases studied).
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Figure 4—18. Same as 4—17 except for OWS N.
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I
TP~BIE 4—5. Canparison of mean and ~ 4S ex~ors of the n~de].sat the three ocean weather stations .

c~sp

MF~T Mean Mean
1.tdel I~~~(°C) ~~ror(°C) ~4S (m) ~~ror (iu)

0.36 +0.16 6.8 —2.9
KIM 0.49 +0.32 13.8 —7.6

• Kr 0.72 +0.54 19.9 —15.6

~~~ N

Mean Mean
I~bde1 r~ S(°C) ~~ror(°C) I~4S (m) Error (m)

0.34 —0.01 6.7 +1.6

KIM 0.35 —0.02 8.9 +2.2
Kr 0.37 +0.04 10.0 —2 .8

~~sv

Mean MEAN
~~de1 I~4S(°C) Error(°C) I~4S(m) Error (m)

~rr 0.65 +0.02 9.8 —1.3
KIM 0.66 +0.05 11.2 —4.2

0.75 +0.18 14.1 —9.1

*
~~~ and MEAN ER1~)R based on ~~nparison of daily observed and predicted
nthced-layer depth (~~D) and nthed-layer tanperature (MLT) . Statistics
are canpited fran 313 ~~nparisons at a~s P, 238 at CJS N and 208 at

~~S V .
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It should be observed in Table 4—5 that the RMS and mean errors for

MLT and MLD are consistent l y smallest for the EFT model and largest for

the Kr model. At OWS P, for example , the scatter observed in Fig. 4— 17

an d the mean MLT and MLD errors in Table 4—5 show that the models are

a l l  biased toward predict i ng a m i xed layer  that is  too coo l an d too

deep. However the RMS and mean errors, and the magn i tude of the scatter

in Fig. 4—17, demonstrate clearly that the EFT mode l simulates MLT and

MLD more accurately at OWS P. Dur ing the fall and early winter , OWS P

is character i zed by the largest mechanica l forc i ng observed at the

three stations (see Fig. 3—IC). The performances of the EFT mode l rela-

tive to the Kr and KIM models suggest that the exponential parameteriza—

tion of dissipation enhancement (EFT) was most effective in preventing

excessive deepening.

At OWS N the mean errors in MLT and MLD, observed in Table 4—5, and

the scatter in Fig. 4—1 8 indicate that the EFT and Kr predict MLT and

MLD , on the average , too warm and too s h a l l o w . The Kr model is again

biased toward predicting MLT and MLD too deep and too cool. At OWS N

cons id e r a b l y  less mechanica l energy is transferred to the ocean than at

OWS P (aga in see Fig. 3—IC). Therefore, at OWS N , one would expect con-

vection to play a more dom i nate role in the mixed —layer evolution and

the performance of the three models to be more simi l ar. The similarity

in the scatter in Fig. 4—18 and the RMS and mea n errors in Table 4—5

should be observed to be very similar at OWS N. An i nterest i ng observa—

tion may be made by comparing the re l at i ve magn i tude of the RMS and mean

errors at OWS P and OWS N. At OWS P the relationships between the mean

and RMS MLT and MLD errors suggest that the increasing RMS errors are

largely due to the i ncreasing bias of the EFT, Kr, and KIM models. At
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OWS N , however , the large RMS errors, re l at ive to the mean errors (most

obv ious in MLT), would suggest that the errors are more random at OWS N

than at OWS P.

At OWS V the scatter observed in Fig. 4—1 9 and the RMS and mean

errors in Table 4—5 ind i cate that the models are all biased toward pre-

d icting MLD and MLT too deep and too cool. Aga i n i t shou l d be observed

that the scatter in Fig. 4—1 9 and the RMS and mean error for MLD are

smallest for the EFT model and largest for the Kr model. As indicated

prev i o u s l y ,  mechanica l energy and convection are strong at OWS V. The

i ncreasin9 RMS and mean MLD errors for the EFT, KT, and KIM may once

aga in be related to the parameterization of dissipat i on enhancement in

each model. Aga in it should be observed that the relationship between

the RMS and mean errors in MLT would suggest that a considerable amount

of the RMS MLT error is random.

The data presented in Figs. 4—1 7 to 4—1 9 and Table 4—5 clearly ind i-

cate that the EFT model is capable of p redi ct i ng a la rger percentage of

the observed MLT and MLD changes observed in the data sets modeled in

this study . The exponential parameterization of dissipation en ncement

couple d with an adequate estimate of non—penetrative convection appears

to be most reasonable for pred i cti ng the changes assoc i ated with large

atmospheric forc ing events.

Table 4—6 presents a comparison of the accuracy with wh i ch the EFT

model predicted the tota l observed MLT change during the 49 daf~ sets

exam i ned in this study. The va l ues in Table 4—6 represent the number

of data sets durin g which the EFT model pred i cted the various percentages

of the tota l observed MLT change. For exam p le , at OWS P. in 7 out of

t he 20 data sets, greater than 90% of the observed MLT change was pre—

dicted by the EFT model, It may be observed in Table 4—6 that the EFT
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TABLE 4—6. Cauparison of MLT predictions }rj the EFT n~de1 at the
ocean weather stations.

Percentage of MLT Change Predicted
Number of

C~1S >90% >75% >50% >25% Data Sets
p 7* 12 18 18 20

N 2 7 12 14 16

V 6 7 10 U 13

*Values in the table are the nunber of data sets which predict the
prescribed percentage of MLT.

I
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model showed reasonably good capab il i t y in pred icting the MLT. For ex-

ample , in nearly 50% of the data sets modeled , the EFT model  was capab le

of pred i cting greater than 75% of the observed MLT changes . Additional ly

in  18 out of 20 cases at OWS P, 12 out of 1 6 at OWS N, and 10 out of 13

at OWS V the one— dimensiona l mode l accounted for greater than 50% of the

observed MLT change. It should be noted that in this study only a mini—

mum of cal i bration was performed with the EFT model. The performance of

the mode l was s-I- i II  quite good and suggests that greater reliability

coul d be obtained with more extensive calibration.

In addition to providing reasonable estimates of MLT and MLD changes ,

the one— dimensional model p rovides a means of separating the contribu—

• t ions of the vert i ca l heat fluxes to the tota l heat budget of the mixed

layer . As may be seen in Fi g. 4—I6A (BASE/OBS ), the est imat i on of the

entra i nment heat f l ux from the data i s very u n r e l i a b l e dur in g per i ods

when non—loca l p rocesses are important. In the next sect i on we w i l l  ex-

amine and E w ’T’(—h ) from the EFT model resu l ts in an attempt

to determ ine the relative importance of these heat fluxes at the three

weather stations.

H. RELATIVE I MPORTANCE OF THE SURFACE
AND ENTRA I NMENT HEAT FLUXES

• In this section an attempt w i l l  be made to determine the relative

importance of the surface and entra in me nt heat f l uxes durin g t he per i ods

modeled in this study. In the first four examp l es presented in this

cha p ter , it was demonstrated that during period s when the loca l heat

budget was main ta i ned , the EFT mode l predicted the mixed laye r depth and

temperature quite accurately. Furthermore estimates of the entra i nment

heat flux from the data were in good agreement with model calculations.
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Si nce the therma l structure modifications calculated by the model agreed

closely w ith the data, it is assumed the potential energy changes calcu-

lated in the mode l are representat i ve of the potential energy changes

occurring in the ocean. Additionally it w i l l  be assumed that during

periods when non— l oca l p rocesses are important the vertica l turbulent

heat fluxes are still represented accurately by the EFT model.

Fi gure 4—20A depicts the relative magnitudes of the tota l cumulative

• net surface and entra i nment heat fluxes calculated by the EFT model .

In Fig. 4—208 the tota l potential energy change (L~PE) is plotted against

the tota l upper ocean heat content change (~Q~) ca lc u la te d by the EFT

• model. Since the mode l is one—d i mensional AH 
~~n 

The data in

Fi gs. 4—20A ,B i s representat i ve of the tota l changes ca l cu l ated by the

• model in al I but three data sets at the ocean weather stations. One data

set at OWS P, presented earlier in this chapter, an d two at OWS V were

examp l es of wea k surface heat i ng per i od s an d th e ent ra i nment heat f l u x

tota l ly dominated the heat budget of the mixed l ayer.

These two figures may be i nterpreted in light of the four one—

dimensiona l data sets previously presented. If E~PE > 0 (Fi g. 4—208)

during these periods , then the mechan i cal m i x i ng by the w i nd was the

dom in ant ver ti cal  tur bu l e n t  process , and normal ly th is w i l l  be i ndi cated

in Fig. 4—2OA by IL w ?T!(_h)I > 1
~~ n ’ 

If , however , L~PE < 0 then

convect ion was the dom i nant vertica l turbulent process and E w’T’(—h)(

< LQ~~~. The re l ationships dep i cted in Figs. 4—20 ind i cate that the

atmospher ic forcing events examined at OWS P were mainly dom i nated by

mechan i ca l mixing . In 15 of the 19 cases examined , IL v~’T’(—h)I 
>

and Z~PE > 0 • At OWS N an d OWS V , however , the la rge  ma jor i t y of the

atmospheric forc ing events were dominated by convection. In 12 of the
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F igure 4—20. Re l ative magn i tude of the cumulative heat fluxes and
tota l potent ial energy change at the three ocean stations.
(A ) Cumulative net surface_heat fl ux (LQ n ) vs. cumulative
entra i nment heat flux (Ew~TF(_ h))(B) Tota l potential
energy change (E~ PE) vs. ocean heat content change (~H).Al l  points calculated by EFT mode l for tota l duration of
data set.
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1 6 data sets at OWS N I L  w ’T’(-h)I < 
~~ n 1 and L~PE < 0 , and at OWS V

10 of II cases indicated IL w~ff(—h)I 
< EQ~~ and L~ PE < 0

I t  has been demonstrated that the large  forc i ng eve nts, whether domi-

nated by mechanica l forcing or surface cooling, are capa b le  of caus in g

• extremely la rge  changes i n the m i xed laye r i n r e l a t i v e l y  short per iods.

I t  has f u r t h e r  been i l l u s t r a t e d that the respo nse d u r i n g  t hese la rge

events is largely one—dimensional. Additionally , i t has been shown that

a one—d i mensiona l model , prope rly parameterized to include dissipation

en hancement and non—penetrative convect i on , i s capa b le of p red i ct i ng a

la rge percentage of the observed changes. In the next chapter we w i l l

attempt to determine how si gni ficant is the role of the large forc i ng

events in the tota l seasona l evolution of the upper ocean.
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V . ROLE OF STRONG ATMOSPHERIC FORC I NG
EVENTS IN THE SEASONA L EVOLUTION OF

THE UPPER OCEA N

A. I NTRODUCT I ON

In the prev ious chapter it was demonstrated that significant changes

may take place in the upper ocean therma l structure in response to strong

atmospheric forcing events. Further it was shown that the one—d i mensional

p rocesses , when modeled properly, are capable of pred i cting a large per-

centage of these observed changes in the three l ocations studied. In

this chapter the historica l series of surface and near—surface marine ob-

servations w i l l  be examined in a new and rather unique way, and the

princ i pa l objectives w i l l  be to:

I . determine the significant characteristics of the atmospheric forc-
ing during the fall and early winte r cooling season at the three
ocean weather stations;

2. demonstrate that The major features of the upper ocean therma l
response during the cooling season are explainable in terms of
one—d i mensiona l p rocesses;

3. quantif y the re l ative i mportance of strong atmospheric forcing
events to the tota l evolution of the upper ocean at OWS F,
C~S N, and CWS V .

8. HARAC~ ERIS T ICS OF THE MAR I NE ATMOSPHERE
AT THE OCE A N ~EA T HER STA T I O N S

To determ i ne the dist r ibut i on and variability of the atmospheric forc—

ira ar the three ocean ~ea~-he r stations , values representative of wind

s~eed ( u
~~ ), turbu l ent kinetic energy flux (u

~
3), and upwara turbulent

heat - l ux (C ) were computed f rom every available three—hourly record .

These values were grouped i nto equa l (32) class intervals (ranked in order

f i ncreasing va l ues) and the resulting frequency distributions are

I
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dep icted in Figs. 5—I and 5—2. Additionally Table 5—I lists the sign i-

f icant statistica l quantities which characterize these distr ibutions .

In all future d iscussions a negative heat flux w i l l  represent a heaT

loss by the ocean.

The non—gauss ian nature of these distribut i ons is evidenced by their

character istic shape and the values of skewness and kurtosis presented

in Table 5—I . It w i l l  be demonstrated that the large , relat i ve ly  rare

va l ues (ref l ected by the long tails in the distributions ) account for a

considerable amount of the tota l energy exchange. The means of the u*
3 .  . -and u

~ distr ibut ions show that the strongest w inds and largest turbulent

kinetic energy exchanges occur at OWS P while the weakest mechanica l

interactions are observed at OWS N. From the distribution of it is

o bserved t hat t he largest tur bu l en t  hea t f l uxes ta ke p lace at OWS V a nd

the smallest at OWS P. Additionally , Table 5—I shows that the mean of

the u
* 

distribution , at all  stations , is approx i mately double i~ s stan-

dard deviation . Thi s relationship is also valid for at OWS N , while

at OWS P and OWS V the distribution of has more relative variance

than u~ . This implies that the variability of the turbulent heat fluxes

is more closely coupled to the variability of the wind at OWS N than at

the other stations. It w i l l  be demonstratea that the increased variance

in C
~ 

at OWS P and OWS V is the result of a larger var i ab il it y in the

air—sea temperature and vapor pressure differences at these stations.

These distributions indicate that the cha racteristics of the marine atmos-

pheric forc i ng are similar at OWS P and OWS V but Quite diffe ren r at

OWS N. The similarities and differences in these characteristics may be

explained by considering the principa l air—sea parameters in terms of

the geographica l locations of the three ocean weather stations.

109

• ~~ p~~~- r rrn jTh~~ r ~~~~



2C 100

8 0 •
15

2 20 38 56 74 92 110 0 2 4 6 8

2C ~0C

15-

60

2 18 34 48 58 74 90 0 14 2.8 4.2 5.6

2C b C

80~15• I

~

f

~fli1
(C) OWS

~~~~~
C) OWS V

2 20 38 56 74 92 110 0 2 4 6 8
• U.. (CM/SEC) U~ (x1 O ’) CM 3 SEC3

Figure 5—I. H i stograms of w~nd speed (u
~
) an d turbulent kinetic

• energy flux (un ’) at OWS P, OWS N , and OWS V.
Vertica l dashed lines represent the mean of the
distribut i on.
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F igure 5—2. Histograms of upward turbulent heat flux (Q 8 ) at OWS P.
• OWS N, and OWS V. The vert i ca l dashed lines represent
• the mean of the distribution.
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TABLE 5-1. Statistical characteristics ~f the histogr~ns of wind (ut ) ,
turbulent kinetic energy (u~~) , and turbulent heat flux

OWS P
Distribution Mean Std. Dev. Skewness Kurtosis

u~
(cn/sec) ‘41.9 20.0 0.5 3.5x10 ’

u.~
3 (an3/sec3 ) 1.3x1fJ5 1.8 x ‘4 .2 32.5

—3.2x10 3 2.2 x 10~~ —1.1 1.6

OWS V

Distr ibution Mean - 
Std. Dev. Skewness Kurtosis

u.~(an/sec) 30.3 15.8 0.9 1.6

u.,.3(cn3/sec3) 5.’4xlO’4 1.1 x l0~ 11.7 26 14
—5 .5x10 3 3.7 x 10~~ —1. 3 2.1

OWS N
Distribution Mean Std. Dev. Skewness Kurtosis
u.,.(cn/sec) 23.2 11.7 0.9 2.3
u~.

3 (cn3/sec
3 ) 2.3x10’4 5.0 x ~~ 19.9 680

-14.3x10 3 2.2 x 10~~ -1.14 3.3
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Tables  5—2 to 5—4 present a summation of the monthly means , and

standard  dev i a t i o n s  about these means , of the pr incipal air—sea para-

meters used to determine the atmospheric forc i ng depicted in the histo-

grams. A smaller percentage of vapor pressure differences (E
~

.E
8
)

were calc ulated (see note 2) because atmospheric moisture information

was not a lways  recorded.

The marine winds (ua
) are strongest at OWS P and weake st at OWS N,

wh ich accounts for the re l ative magnitudes of the u~ and u
*

3 distr ibu-

tions. However a more sign if icant observation is that at OWS P and

OWS V the increa se in the magnitude of the w inds , f rom September to

December , is nearly double that observed at OWS N. The a i r—sea tempera-

ture di f ference CT —T ) and saturate d vapo r pressure difference (E —Ew a w a

are the addit iona l parameters that are importa nt for determining the

turbulent heat fluxes. Tables 5—2 to 5—4 show that both of these para—

F meters are s i gnificantly larger at OWS V and OWS N than at OWS P. As

a consequ ence t he s m a l l e s t  t u rbu l e n t  heat f l uxes occ u r at OWS P, desp i t e

the largest observable winds.

The magnitudes of these air—sea differences are related to the l oca—

t i on of the th ree stat i ons rel ati ve to t he mea n atmosp her i c c i rcu l a ti on

in the North Pacific. The genera l westerly f low at OWS V and northeaster ly

4 f l o w  at OWS N , together with the subsidence associated with the subtrop i ca l

hi gh pressure belt , continuously brings cold , relat ive ly  dry a i r  in con-

tact w i t h  the warm ocea n at these two stations. At OWS P, however , the

mea n f l ow  is westerly, the a i r  mass has had considerable contact w i t h  the

underlying ocean, and conse quent l y the air—sea temperature and vapor pres—

sure d i fferences are s m a l l . Additionall y it should be observed that these

differences are much more variable at OWS P and V tha n at OWS N (compare

the means and standard dev i ations at each station in Table 5—I). This
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TABL.E 5—2. Variability of atrnospht~ric and oceanic parameters cit
Ows P.

VARIABLE SE?J’ OCT NOV DEC

u (m/sec) 9.5 11.7 12.5 12.6
a (‘4 .6) (5 .5) (5.7) (5.6)

T —T (°C) 
• 0.1 0.5 0.7 0.5

w a (1.0) (1.3) (1.14) (1.5)

E —E (nib) 1.9 2.6 2.3 1.5
w a (1.8) (2.0) (1.6) (1.14)

NCYI’E:
(1) First value represents the monthly/seasonal mean of the

three—hourly readings while the second (in parenthesis )
is the standard deviation.

(2) Statistics are based upon 90% (21 ,030) of the possible
three-hourly observations of Ew

_E
a 

and 96% (25 ,5214) of
the remainder of the variables.
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TABLE 5—3. Var iability of atmospheric and oceanic pdl Jmeters at
Ows V .

VARIABLE SEVI OCr NOV 
— 

DEC

u (m/sec) 6.7 7.8 9.2 10.1
d (3. 7) (3 .8 )  ( ‘ 4 . 14 )  ( 14 .8 )

T —T (°c) 1.0 1.3 2.0 2. 14
w a (1.14) (1.6) (2 .0)  (2 .2 )

E —E (nib ) 8.1 7.9 8.7 8.0
w a ( 14 .2 )  ( 14 . 14 )  ( 14 .3 )  ( 14 .2 )

(1) First value represents the monthly/seasonal mean of the
three-hourly readings while the second (in parenthesis )
is the standard deviat ion.

(2) Statistics are based upon 75% (10 ,930) of the possible
three—hourly obser~iations of Ew

_E
a and 96 % (114,065) of

the remainder of the variables.
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TABLE 5— 14 . V triability ot atmospheric and oceanic paiun~ tex~. ~it
Ows N.

VARIABLE 
— ~L1’1’ OCr 

— 
NOV DEC

u (rn/see) 5.6 5.9 6.9 7.3
a (2.9) (2.9) (3.3) (3.4)

I —T • (°C) 0.9 1.2 1.5 1.5
W d (1.0) (1.2) (1.3) (1.14)

F — L (nib ) 8.1 8. ’4 8. 2 7.2
W a (2.3) (2.7) (2.9) (3.0)

NOTE:
(I) First value represents the monthly/seasonal mean of the

thze~-hourly readings while the second (in parenthesis
)

is the standard deviation.

(2 ) itat istics ate based u~on 76% (17,146) ut the çx~ssib1e
three—hour ly obser’vatic,r.s •t L —L uri 1 95% (23 ,377 ) of
the remainder o~ the
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woul d expla i n the a ddi t i ona l var i ance i n 
~a 

at these two

sta t i ons .

The magni tu de and v a r i a b i l i t y  in these data suggest strongly tha t

the characteris t i cs of the mar ine  atmosphere at OWS P and OWS V are

close ly related to the frenuency and intens ity of the large winte r

storms that occur at these locat ions. The atmospher i c forc i ng at OWS N,

on the other hand , i s  more c l ose l y coup l ed to the pro pert ies  of t he mean

ci rcu I at ion.

To exam ine the re l ative distr ibut ion of the turbulent kinet ic energy

and the turbu lent heat f luxes , the percentage of these quant i t ies along

wi th  the percentage of observat ions in each c lass  interva l were computed.

For exam ple

FE. 100 ~~ u~
3 

/ ~~ u~ 3 (5 - I )

k= l k

represe nts the percentage of turbu l ent kinet ic energy that occurs in the

~th interva l , n is the number of observations in the i nterva l , and N is

the tota l  numbe r of observations. Percentages of the turbulent heat

f luxes  
~~~ 

and w ind  (u
~

) we re ca l culated w i t h  s i m i l a r  expressions. These

percentages were accumulated from the sma l lest to the largest va lues and

are compared in Fig. 5—3 in the form of cumulat ive frequency diagrams.

The va l ues for the cumu lat i ve percentage of u
~
3 

and 
~a 

are deter mi ned f rom

the upper scale of the abscissa , w h i l e  the cumulat iv e percentage of obser-

vat ions are obta i ned from the l ower scale. For example , Fi g. 5—3A in di-

cates that al l  observations of u~
3 less than l0~ cm3—sec ~ account for

74%/90%/97% of the tota l observations at OWS P/V/N , but account for only
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Fi gure 5—3 . Cumulative percentage of turbulent kinetic energy (TKE ),
surface cooling, an d obser vat i on at OWS F, OWS N , and
OWS 1. (See text for expianatioi~i.)
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30%/56%/83% of t he tu r bu l en t  ki net i c energy flux computed from these re-

cords. Similar comparisons can be made regarding the distribution of

the turbulent heat fluxes from Fig. 5—3B (except that increasing values

are read to the le f t) .  The horizonta l displacement in these curves indi-

cates that the turbu l ent kinetic energy exchange at the three stations

increases f rom a minimum at OWS N to a maximum at OWS P, w h i l e  the turbu-

lent heat fl uxes are smallest at OWS P and largest at OWS V. The example

just presented i ndi cates that at a l l  sta t i ons a lar ge perce ntage of the

observat i ons account for a relatively smaller percentage of the turbulent

k i netic energy fluxes.

It is e a s i l y  v e r i f i e d  from Fig. 5—2B that th is  is a lso  v a l i d  for the

turbulent heat f luxes.  Furthermore the cha racter ist ic  shape of the u~
3

curves suggest that although the magnitude of the turbulent kinetic energy

f l u x  is  d i f fe ren t  at each stat ion its d is t r ibu t ion  is qui te s i m i l a r .  The

shape of the 0 curves wou ld  ind icate that the d is t r ibu t ions  of turbulenta
heat f luxes  are s i m i l a r  at OWS V and OWS P but s i  ic h tl y di f fe rent  a1

OWS N.

Addi t iona l information may be obta i ned by plott i ng the cumulat ive per—

3centages of u
~ , ~a • and u

* against the cumulat ive percentages of observa-

t i ons , as in Fig. 5—4 . The f i r s t  important observation f rom these curves

is the re la t i ve  invar iance in the d is t r ibu t ion  of u~ and u~
3 

at the

three stations (in these fi gures there is less than 3% scatter). Although

these curves were constructed f rom the entire sample of va lues , curves

drawn from the individual monthly values were nearly identica l , and indi-

cate that these distributions are also invariant with respect to month

during the cooling season. The distribution of was identica l to u
~ 

at

OWS N while a-f- OWS P and OWS V the curves ind i cate a higher percentage of
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large turbulent heat fluxes. For example 60% c .f the observations ac-

count for 40% of the cooling at OWS N but onl y 35% at OWS P and OWS V.

Again th is  is due to the addi t iona l var iance introduced by the ai r—sea

temperature and vapor pressure differences at OWS P and OWS V.

An interesting observation from the u
*

3 curve i s  that it is repre-

sente d by the f un ct io n FE2 200 FE — FE
2 
, where FE is the cumulative

percentage of observations an d FE i s the cum u la t iv e percentage of u~
3
.

This  function rep resents t he loc us of the c i r c l e  centered at (0 ,100 ) w i t h

a radiu s equa l to 00. A simple geophys i ca l interpretation of this p ro-

perty is  that a considerable number of sma l l  va l ues of the w i nd  account

for on ly  a sma l l  percentage of the tota l turbulent kinet ic energy f l u x ,

w h i l e  a few large va l ues represent a cons iderab le  perce n tage of th e tota l

flux. Additionally , but to a lesser ex treme, the 0a curves demonstrate

a similar rel ationship for the turb ulent heat fluxes.

These relationships suggest strong l y that a si gnificant percentage

of the turbulent kinetic energy and surface heat flux is exchanged at the

air—sea interface during relatively short , bu t strong, atmospheric forc-

ing events . Furthermo re it is postulated that these events are directly

associated with the passage of extratrop ica l cyc l ones at ~~S F an~ OWS V .

At OWS N, however , these events are probabl y related to a pulsing in

the mean flow , res u lt in g f rom an a lt er nate strengthening and weakening

of the north—south pressure gradient as these storms pass to the north

of OWS N. Addit iona l eviden ce -I-a support this assumption w i l l  be pre—

sented in the final section of this chapter when the dist i nguishin g

characteristics of these events are examined.
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C. COMPAR I SON OF THE LONG-TERM MEAN FORC I NG AND
OCEANIC RESPONSE AT THE OCEAN WEATh ER STAT I ONS

In this section the long—term mea n d a i l y  averages , depicted previous-

l y in Fi g. 3—I , w i l l  be exam i ned to determine the mea n energetics of the

forcing at the three ocean weather stations and the magnitude of the

mea n oceanic therma l response. The quantities w i l l  be used in subsequent

ana l y s i s  as a basis  for determining what const i tutes strong forc ing and

stron g oceanic respons ~ . We w i l l  a l so  present add i t iona l  evidence from

these data that is  support ive of the assumption thaT the cha racter of

the atmospheric forcing at OWS P and OWS ‘1 is determined by the synoptic

sto rm patterns , and at OWS N by the mean Flow . Fin a l l y  simple one—d i men—

siona l reasoning w i l l  be applied to these data to demonstrate that the

major features of the long—term mea n therma l response are exp la inab le  in

terms of s imp le  vert ica l processes.

To obta i n the energet i cs of the forc ing , the d a i l y  mea n va l ues of
3

u~ ~a’ ~~ 
an d 9n were summed and the monthly totals are presented in

tne first four co l umns of Tables 5—5 to 5—7. The next two co l umns show

the long—term mean monthly changes in the sea—surface temperature (~ SST)

and ~he mixed layer deDtn (I~MLD). The relative contribution of the net

surface heat flux 
~~~~ 

to the mean sea—sur face temperature change is

presented in the last column as ~SST(ZQ~ ). This contribu tion was esti-

mated by distributing Q~ over the mean layer depth at the be ginning of

the month (upper va lue ) , and at the end of the month ( lower  va lue ) .

S ince  the layer deepens between these two depths , the actua l contr ibution

of EQ is somewhere between these two extremes.

The seasona l trends in the forcing may be examined ~o show that both

the magn i tude and variabil i t y of these quantities correlates well with

the locations of the ocean weather ships relative to the major storm
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tracks in the North Pac i f ic .  As expected , the l argest f l u x  of tu rbu len t

k inetic energy (Eu
~

3 ) is received at OWS F and the smal lest  at OWS N,

w ith a genera l increa se in magnitude during the season at all stations.

At OWS P and  OWS V, however , Eu~
3 

increases rather a b r u p t l y  i n  Octo ber

and Novembe r respectively. It is quite evident that at OWS N no abrupt

changes in Eu~
3 occur during the cooling—season in any month. Th is  is

• rather suggest ive that at OWS F and OWS V these abrupt increases in Eu
~
3

mark the onset of the winter  sto rm season at these stations. At OWS N

the trend in Eu~
3 would suggest a s low intensi f icat ion of the wind , w h i c h

would  be ind ica t i ve  of the wintert ime strengthening of the mean c i rcula-

t ion.

The monthly 9a va l ues at the three stations show the same re l at ion-

sh ips as previous ly noted in the histograms (Fi g. 5—2 ) .  The most intense

turbulent heat f luxes occur at OWS V and the weakest at OWS F. By compar-

ing the mean and standard deviat ions of EQa at the three stat ion s, it may

be noted again that the turbulent heat f luxes  are more va r i ab le  at OWS P

and OWS V than at OWS N. As expected , the ef fect ive solar  ins o la t ion ,

EQS, decreases t hrougho ut t he seaso n and w i th  lat i tude. A d d i t i o n a l l y  it

should be observed that the insolation at OWS P has much more variability

than at the other stat ions. Since this can only be introduced by the

tota l cloud cover (see Appendix A ) , it is indicative of the changes in

the c loud  patterns that accompany the cy c l o n i c  storm s at OWS F. At OWS P

the cloud—types are normal ly  low strat us and the s ky f r e quent l y  covere d

by heavy overcast throughout th is  season . The except i on to th is pattern

occur s in the cold , dry a i r  mass behind the cold front where the cloud

• patterns are broken and , therefore , a l l o w  more i n s o l a ti on to reac h t he

sea surface . At OWS V and OWS N, however , the sky i s not norma l ly overcast

126 

- - 



and the storm systems do not introduce as much v a r i a b i l i t y  in the tota l

cloud amounts . F i n a l l y  the net heat ga i n or loss by the ocean is re-

flected in the fourth co l umn of Tables 5—5 to 5—7 as EQn • There is a

• net hea t ga in , at a l l  s t at ions , during September and this downward heat

f lux is largest at OWS N and smal lest  at OWS V. Dur ing the remaining

three months EOn is i ncreasingl y negat i ve , at a l l  stat i ons, and is most

negative at OWS V and least negative at OWS N.

The ocean ic therma l response has c haracter i stic trends , at each sta-

tion , that we w i l l  attempt to exp la i n  w i t h  one—dimensiona l reasoning.

The tota l mixed layer depth change (4~MLD) is largest at OWS F and smal lest

at OWS N; however , the trend is s i m i l a r  at a l l  three stations. The deep—

• ening rate increase s ear ly  in the season and is  reduced at the end. The

seasonal sea—surface temperature change (1~SST) is comparable at OWS V and

OWS F, but signi ficantl y smaller at OWS N. It should be noted that the

trend in i~SST is dif ferent at OWS P than at OWS V and OWS N. At OWS V

an d OWS N, ~SST i ncreases throug hout t he season , while at OWS P i~SST in-

creases during October and decreases in the final two rriontns .

If one—d i mensiona l reason i ng is applied to the long—te rm ‘orcing and

ocean i c res ponse , a considerable amount of the observed changes are ex-

plainable. Consider first the amount of the “~~n - - h l ,  sea—~~r~ace tempera-

ture change (
~ SST) that may be exp la ined  by the net surface f H j x  ~EQ ).

Septem ber , at a l l  stat i ons, marks the trans i t ion between the heating and

coo l ing seasons and the data indicate that the surface fluxes increase

the heat content of the upper ocean at al l  stations . This occurs during

a period when the sea—surface temperature is normally decreasing at OWS P

an d OWS V , anu unchanging at OWS N. Therefore the sea—surface tempera—

1-ure change , dur in g Sep tember , ca nnot be exp la i ned (an d certa i n l y  not

predicted ) in terms of the surface heat fluxes alone . The net surface
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fluxes become increasingly negative from October to December; however,

~SST(EQ ) increases from October to November and then decreases in Decem-

ber. Th is is because the ratio of the net surface fluxes to the mixed

l ayer depth i ncreases from October to November and decreases in December

(i.e. i~,SST (EQ ) ~ i~ EQ~ ). This il l ustrates the importance of the mixed

layer depth in determin ing the effect of surface f luxes on the sea—

surface temperature change.

The relat ive importance of the surface f luxes to the tota l sea—sur-

face temperature change may be ascert ai ned by compa rin g the cumu lat i ve

contribution of ~SST (EO n
) in Tables 5—5 to 5—7, for the final three

months, with the tota l sea—surface temperature change during these months.

At OWS V an d OWS N greater than one—half of ~SST may be directl y explain-

able by ~SST (EQ ), while at OWS P only one—third is explainable. Fina l-

l y, as a measure of the dominance of the surface fluxes , cons id er the

months during which t~SST (EO n
) accounts for greater than 50% of L~SST. At

OWS V an d OWS N these f l uxes become dom in ant du r i n g  November whi l e a t OWS

P this does not occur until December. It is evident that, even during

the months when these surface f luxes appear dominant , they are not ca rab le

of explaining the tota l sea—surface temperature change.

The other significant vertica l process which m ignt explain the di f fer—

ence between ~SST and ~SST (EQ ) is the heat flux at the base ~~ the “ixed

layer that occurs during entra i nment. In fact, during large deepening

events , the entrainment heat flux may actually dom i nate the surface -~eat

f l ux, as was demonstrated in the previous chapter. Since this heat f l u x

cannot be computed from these data ,we must infer its re l at i ve magnitude

f rom the tur bu l en t  k in et i c energ y fl ux (Eu
~
3), the mixed layer depth

change (i~MLD), and the characteristic therma l structure at the three ocean

weather stations.
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It is i mportant to observe that nearly twice the turbulent kinetic

energy is transferred to the ocean at OWS P as at OWS V, and greater

than five times as much as at OWS N. Additionally, the max i mum seasona l

residuals between ASST and ASST (EQ~ ) that must be explained are —5.~~C,

—3.7°C, and —2.4°C at OWS F, OWS V, and OWS N respect i vely. The rela-

tive magnitudes of these fluxes and residuals are understandable in

terms of (2—49), (2—50), and t he f un dame nta l  d i fferences in the therma l

structure at the three station s, illustrated in Fig. 5—5. The cha racter-

isti c shape of the profiles at OWS V and OWS N are quite similar , but

cons ider ably different than the profile at OWS P. This is because at

both OWS V and OWS N the parent water mass is North Pacific Centra l

(Sverdrup, 1942), whil e  the water mass at OWS P is Pacific Subarctic.

However , t he i mportant d i f f e r e n c e  to be ob serve d i n t he t h ree pro f i les

is the magnitude of the temperature gradient i mmediately below the mixed

l ayer. The temperature change from 70—80 meters is approx i matel y 2.5°C

/2.l °C/ l .5°C at OWS P/OWS V/OWS N. The re l ative magnitudes of the

temperatu re difference (AT ) at the base of the mixed l ayer is in the

same proport i on at the beg i nning of September .

EQuations (2—49) and (2—50) indicate that the largest amount of tur-

bulent kinetic energy would be required to mix the upper layers of the

ocean at OWS P and the least at OWS N. This is comp l etely consistent

w ith the re l ative magnitudes of Eu
~
3 noted previously in Tables 5—5 to

5—7. Additionally, compar ing AMLO and AT at each station , we should ex-

pect the largest entra i nment heat flux (-~~ AT ) at OWS P and the smallest

at OWS N. This is consistent with the relat i ve magnitudes of the sea—

su rface temperature residuals computed at the th ree stations.

The seasonal trend in the mixed —layer depth is understandable in

terms of the magnitude of Eu
~
3 and the concept of di ss i pat ion enhancement,
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d i scussed in the previous chapter. As the layer deepens, the entra i nment

zone is disp l aced from the surface p roduction zone, and a greater percent-

age of the turbulent kinetic energy is dissipated . In accordance with

(2— 33) as the ratio of G
~—D~ an d h decreases the mi xe d l ayer  deepe ni ng

rate also decreases. This occurs in November at OWS P and OWS N and in

December at OWS V.

It is encouraging to note the major trends in these data are consis-

tent with simple one—d i mensiona l reasoning . However, it is important to

rea l ize that these trends are not explainable solely in terms of the

surface forc ing. It is necessary to be able to specif y both th e s u rface

heat flux and the entra i nment heat flux to accurately describe the sea—

sona l m i xec~ ayer evolut ion. The entra i nment heat flux w i l l  dominate

the surface heat flux early in the season when and AT are large and

the surface heat fluxes are small. By the end of the season the large

surface heat f l uxes become the domin ant facto r in chang ing the sea—

surface temperature .

0. I MPORTANCE OF LARGE ATMOSPHERIC FORC I NG EVENTS IN
DET ERMINING THE SEASONAL EVOLUTION OF THE ‘4IXED LAYER

In this section the seasonal evolution of ~he mixed layer w i l l  be ex—

amH ed relative to the long—term mean trend to illustrate the imoortance

• of large atmospheric forc i ng events in chang i ng the upper ocean therma l

structure. The purpose of this analysis w i l l  be to demonstrate that the

timin.g of the first large storms (whether they occur early or late in the

season) is very i mpo rtant to the seasona l evo l ution of the mix ed layer.

Evidence w i l l  be presented to illustrate that the underl ying therma l

structure is as important as the surface forcing. Two coo l in g seaso n s ,

taken from the OWS F record , were chosen to demonstrate these ~rinci pI es ,
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because both the atmospheric forcing and the therma l structure were

very different during these two years.

M id—October temperature profiles (Fig. 5—6) illustrate that the mixed

laye r was deeper and cool er during 1 963 than during 1959. Notice also

that the temperat u re gra di ent at the base of t he layer  du r i ng 963 was

consider a bl y weaker than during 19 59. The fina l observation is that in

1 963 there was a much stronger therma l gradient below 60 meters during

1 963 than in 1959.

Figures 5—7 and 5—8 depict t~-ie observed forc i ng arid oceanic response

durin g these two seasons, w ith the long—term mean trends superimposed .

In Table 5—8 the strength of the forc i ng and response characteristics

are p resented and compared wi l- h the long—term mean. In Figs. 5—7A,B it

i s observed that at the sta rt of the 1 959 season the mixed layer was

cons i derably deeper and cooler tha n the long—term mean. However, at

the b eginning of September 1 963 a very warm , s ha l low layer i s present

(Figs. 5—8A ,B).

The character and t im i ng of I-he atmospheric forcing during these two

seasons may be observed in Figs. 5—70,0 and 5—8C ,D. During 1 963, the

period from IS October to I November marks the beg inning of the winter

stor m seaso n . In 1959, with the exception of the one significant event

in mid—October , the la rge “orc i ng events do not begin until mid—November .

The difference in these storm patterns coupled with the different initial

temp erat ure struct ures r e su l t  i n the evol ut i on of t he uppe r ocean be i ng

qu ite different during these two seasons (compare Fi gs. 5—7A ,B and 5—BA ,B).

I n  the prev i ous c hapter, it was demonstrated that large forc i ng events

that occur earl y in the season produce much larger oceanic therma l re—

sponses than events occurring late in the season . This is consistent

with what i s observed in Figs. 5—7 and 5—8, and we w i l l  exam i ne the

132



- — 

~~~~~~~~~~~~~~ - - - r ~~~r’~~~ ~~~~~~ )‘S’— y-•-

TEMPERATURE (°C)
3 5 7 9 11 130 I I

20- —-—— OWS P 1963
--—— OWS P 1959

40-
/

—
• ~~~~‘ 

0 
— — — — —

~~~~1 —

120 -

F igure 5—6. Mid—October temperature profile at O~(S P.

133

~~~ 0 
- -- - -• • - •- - • - • • - - - - - • - - • •—---.• - •• . - • •- • ••- ---- -•--

~~~~~~
• -• -

~~~~~~~~~~~~~~
- 



r --
~
— — —- -- 

___________________

27 0

A

~~ ~~ ~~
SEP OCT NOV DEC SEP oci NOV DEC

• 600 12C

_ _ _ _ _ _ _ _ _ _ _ _ _  

105

-1400 
1~ 1~ 3~ ~~~~~~~ 5 ~~~~~~~~~~~~~SEP OCT NOV DEC SEP OCT NOV DEC

Figure 5—7. Atmospheric ‘orc i ng and oceanic  response at OWS P for
the 1 959 cool ing season .

134



27 1
24 A • 

~2 0/ ~ 
B

~,0

~~~21 • -40 ‘VA

I— ‘-S

~~ 18 • 1 -60 ‘-.. -
I-

15 • 
~~~-80 -

L I I I  -160 I I I I I I

15 1 15 1 15 1 15 30 1 15 1 15 1 15 1 15 30
SEP OCT NOV DEC SEP OCT NOV DEC

60G 120

D

-iso~t~1~&- J A J ~
/ MII

~ -~ 75

~~ -400 - ~~ 64 -
~

_ _ _ _ _ _ _ _ _ _  0~~~
J

~~~~~~~~~~
I

SEP OCT NOV DEC SEP OCT NOV DEC

Figure S—s. Same as Figure S—7 except for hhe 963 coo l ing season.

135 

•



TABLE 5—8 . At~ uuphor ic tui’cirig and response -it  ~~ P f o r  the years
• 1959 and 19Li3.

Forcing and Response (as a percentage of the
seasonal total)

1063 1959
Month ~u .. 

~~~ ~~~ 
‘,Q %AMLT ~‘oAMLD Ilorith %u ...3 %Q %Q5 %Q %Af ~f f T  %M~~D

Sept 12 20 42 —~ l 25 21 Sept IL 114 42 —12 —6 —16

Oct 40 40 34 ~9 51 51 Oct 21 21 30 14 27 27

Nov 23 26 15 41 16 Nov 35 25 16 33 38

Dec • 25 14 9 2L 8 Dec 29 40 12 65 41

~?iiss~ng Oata

Forcing i’ ~~ Response (as a percentage of the
long-term mean )

1963 1959
M6~~ h ~~~ %Q 

~~s °
~ n %AMLT %LIMLD Month %w. 3 

~~a ~~s ~~~ri %At-~L: %A~-tLD

Sept 95 134 119 8 248 150 Sept 115 9 99 liE —2 8 —80

~ct 176 156 130 1. j L  154 Oct 83 9- 95 ~9 L~ 58

Nov 86 9E 107 Nov 121 ~5 97 914 98

Leo 39 55 I~~b 4 ~~~~- Leo 1~4 150 118 171 181

Le~ son 114 108 ILL 9° ~~7 100 2~ ason lCS •0 9  99 121 76 71

;c~ anic ResI~Or13 ’~ (~~ b~ uceanic Response (1959)

~1cnth ~LT(~C) 
• 

‘ ( V )  Month MLT (°C) ML~~~-1)

Sept 13.3~ 12.~ ~—~ 3 Sept 12 .5—12.8 4 5—37

Oct 12 .i— 8.1 —7’2 Oct 12.3—11.4 37—51

Nov 3.1— E.b ~~~~ - 
• Nov fl~~ L~_ 9.4 ~~_ f :

Dec •~.6— ~.8 — i i  Dec 9.14— 7.2 —~~~~~

• ;ceani c Response
( long-terra mean)

‘1c,;t~h t’~LT(°C) MLD (M)
13. 3—12.3  2 8—38

12 .3— 9 .5 33— 62
- 9.5— 7 .5 02~ P~

7.5- 6.3 ~3-l00
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ocean i c evo l ut i on du r i ng these two seasons to sho w t hat the major fe atu res

are expla inable by one—dimensio nal reasoning.

During 1 963 the month of September had weaker than norma l downward

fl uxes of turbulent kinetic energy (u
~
3) and heat 

~~~ 
(compare percentage

of long—te rm mean in Table 5—8). The mixed layer , however , deepened and

cooled more than the long—term mean. The larger than norma l deepening and

cool in g rate was th e r e su l t of the l ayer be i ng warm an d very sh a l l ow at

the beginning of the period. Because the layer was shallow , only a rela-

tively small amount of turbu l ent kinetic energ y was dissipated , which

resulted in the large entrainment rate. As would be expected , the vert i-

cal re—distribution of the heat in this warm l ayer resu l ted in a larger

than norma l entra i nment heat flux and consequently abno rma l sea—surface

temperature change. During October 1963 The large winter storms are

responsible for an energy exchange between the atmosphere and ocean which

is signi fl cant ly larger than the long—term mean. These large fluxes force

the mixed layer to deepen and coo l , such that by the end of the month the

layer is deeper (8 m) and cooler (1. 4°C) I-han the long—term mean . During

these first two months 52%(60%) of the seasona l u*
3(Q

a
) was rece i ved by

the ocean , which is 0% greater than the long—term average. However, th is

abnorma l forc i ng accounted for 75% of tri e mixed layer response during

t he season , which is 25% greater than normal. Thi.s large response occurred

because the strong forc i ng came early in a season when a large heat

storage had take n p lace in a very s h a l l o w  mixed aver.

The f i na l two months of 1 963 were cha racterized by wea ker than norma l

• forc i ng. The upward heat f luxes (Q~) acco unt for  on l y 40% of the seasonal

tota l ( 10 % less than no rmal )  and th is  is a consequence of the a nomalously

coo l sea—s urface temperatures. The turbulent kinet ic energy f l u x  (u
~

3 )

received durin g the fina l two months is less than the long—term average
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but is ac tua l l y  about the same amount rece ived during the first ts.~o

months (48% of the seasona l total). However, the respo nse of t he layer

is only 25% of the seasona l total. The turbulent kinetic energy flux

rece i ved during the fina l two months is simply not sufficient to accom-

pl ish any significant deepen i ng. Evidently this is because the entrain-

ment zone i s deeper tha n no rma l , a l a r g e r percentage of t he t u r bu l en t

k i net i c energy is dissipated , a nd t he rat i o of G
~—D~ to h i s less tha n

norma I.

Exam i nation of the tota l seasonal forc i ng (Table 5—8 ) shows that

greater turbulent kinetic energy and smaller net heat fluxes were ex-

changed at the air—sea interface during the 1 963 season , which resulted

in a norma l seasona l deepening rate but a larger—than—norma l sea—surface

temperature change. This is consistent with our earlier findings that

a temperature structure that has a large heat storage in I-he near surface

layers w i l l  requ i re a large amount of energy flux to deepen the layer .

Additionally this deepening w i l l  be accompanied by a large entra i nmenT

heat flux and , conseq uent l y ,  a large sea—s urface temperature change.

Th i s ex a m p l e  demonstrates c l e a r l y t hat t he energ y fluxes rece i ved

ea r l y in the season results in a much larger mixed layer response than

comparable energy fl uxes received late in the season. An addit ional ob-

servation is that during September and October the anomalously large up-

ward heat fluxes “
~a~ 

are accompanied by si gnif icantly larger—than—norma l

downward fluxes of solar radi ation (Q 5). This supports our previous

suggestion that the large variance in (Table 5—5) at OWS F is due to

the large winter 3torrns. The air mass is generally cold and dry during

stormy periods and I-here is usuall y less cloud cover than the mean winter

conditions.
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The evo l ut i on of the m i xe d l ayer  dur i ng t he 1 959 season was q u i te

different than during 1 963 (Figs. 5—8A ,B). Si nce the mixed layer was

deeper an d cooler  t han nor ma l  at the start of t he season , it is p re—

• sumed that a significant re—distribution of the heat was accomplished

by strong summer forc i ng (ev id ence w i l l  be prese nted to su pport t hi s

presumption ). The turbulent kinetic energy was stronger than norma l

during September 1 959, but so was the downward net surface heat flux

(see Table 5—8). As a result , the mechanica l energy was insufficient

to mix this additiona l heat io the old mixed layer depth and a new

shal lower mixed layer formed above the old one (see Figs. 5—8A ,B). By

the end of the month the layer depth had retreated to near the long—

term mean while I-he temperature is wa rmer than normal. The 1orc i ng re-

ceived during October 959 is much weaker I-han norma l and only a weak

mixed layer response takes place . The forcirg received during the month

of November is characterized by extremely strong mechanical forc i ng

while the upward heat fluxes are smaller than normal. Because of the

gap in th e bathythermog raph record it was not possible ~o determine the

mixed layer dep th at the end of I-he month. However , Fig. S—8B would

seem to indicate that the deepening rate is larger than normal. Because

the net surface flux 
~~~ 

is less than norma l the sea—surface tempera-

ture decreases onl y a norma l amount and at the end of the month the

)ayer is probably deeper but si gnificantly warmer than normal. December

1959 is characterized by average mechanical forc i ng but extremely larger

upward turbulent heat fluxes. The sea—surface temperature change is

much larger than the long—term mea n as a result of the large surface

heat fluxes. At the end of the season the layer depth is abou t norma l

but the sea—surface temperature is approx i mately 1°C warmer than normal.
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The seasona l totals in Table 5—8 show that the forc ing was actual l y

stronger than the long—term mean and yet l ess than norma l oceanic re-

sponse occurred. This is primarily I-he result of the deep mixed layer

that was present at the beginning of the season. The forcing during the

first two months was not sufficient to establish the norma l deepenin g

an d cooling rate. The large winter storms came late in the season and

were not able to reduce the sea—surface temperature the additiona l amount

necessary to bring the ocean back to the long—term mean.

These two examp l es illustrate that the timing of the strong atmos-~

p her i c forc i ng events coup le d w i th the cha racter i sti cs o f t he u nd e r l y ing

therma l s tructure are of pr im ary importance in determinin g the evo l ution

of the upper  ocea n dur in g t he cool ing season . Once again it should be

noted that the large forc i ng events produce a much grea+er oceanic re-

sponse when the mixed layer depth is shallow (usually early in the season).

It may be seen in Fig. 5—5 that the temperature structure is quite

• different at OWS P than a-I- OWS N and OWS V. Furthermore Fig. 5—6 shows

• that the therma l structure may have considerable variabilit y from year to

year at a particular l ocation . Since the seasonal thermoc l m e  is estab—

I ished during the spring and summer , these fi gures would suggest that

• the mechanisms responsible for its formation may va ry depending on loca-

l-ion and year. The sprin g and summer forc i ng , observed during 1959 and

1 963 at OWS P, were compare d to see i f t he dif fe rences i n  the temperat u re

st ructu re, dep i cted in Figs. 5—6, 5—7A ,B, and 5—8A ,B, are exp la i nab le

in terms of one—dimensiona l processes. The mechanica l forcing observed

during the spring in 1959 was much wea ker tha n observed in l 963. However,

the synoptic patterns observed during the summer ind i cates that the (959

• season was characterized by a high incidence of strong storm activity
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wh ile the forcing was extremely weak during 963. Consequently the

layer retreated very rap i d l y  dur i ng t he spr in g of 1 959 a nd because ve ry

l i t t l e  hea t was mi xed be low 60 meters , the seasonal thermoc l m e  be l ow

this l eve l was nearly i sothermal. On the other hand , during 1 963 a

cons iderable amount of heat was mixed i nto the deep layers by the strong

spr i ng forc i ng , and a re la t i vel y strong therma l gra di ent was esta b l i shed

belo w 60 meters (see Fig. 5—6). The strong summer forc i ng during 1 959

caused a large downward transfer of heat and resulted in a very deep,

cool mixed layer at the beginning of September (see Fig. 5—7A ,B). The

weak forcirg during the summer of 1 963 was insufficient to maintain a

normal summert i me mixed layer dep t h an d a very war m , sh a l  low l a y e r

developed (see Fig. 5—8A ,B).

This simple analysis suggests that the synoptic storms may be as

important to the establishment of the seasona l thermoc l m e  during the

heating season as they are to the subsequent erosion that takes place

during the fall and winter cooling season. The evo l ution of the upper

ocean du r i n g  t he c o o l i n g  season i s determ i ne d to a la rge  extent by t he

nature of the stability of the thermoc l m e .  Therefore it is important

to realize that the entra i nment process may be influenced by the nature

of the forc i ng during the previous spring. A simple conclusion would

be that the spring and summer heating season should be examined in

detail to determ i ne the relationship between the principal mechanisms

that govern the formation of the seasonal thermoc line.

E. I MPORTANCE OF THE STRONG AThCSPHERIC FORCING
EVENTS AT THE THREE OCEAN ~EAThER STATIONS

In th is final section the tota l record (see Table 3— I ) of the surface

an d near—surface parameters w i l l  be exam i ned to determ i ne the relative
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i mportance of large forc i ng events to the tota l evo l ution of the upper

• ocean therma l structure. The objectives of this ana l ysis w i l l  be to

determine :

• ( I )  the pr i ncipa l character i st i cs of the large  events at t he t hree
stat i ons;

( 2 )  the percentage of the tota l energy t hat i s exc hange d dur in g
these events.

Figure 5— 9 is presented to explain how the analysis was performed .

An event w i l l  be defined as those individua l periods when the forc i ng

was greater than the long—term mean. For example , in Fig. 5—9 there are

12 individua l events during the season. If the forc i ng is greater than

the long—term mean at the beginning or end of the season it is counted

as an event. If an event takes place durin g two months (for example

events 3 and 9), the amount of energy rece i ved during each month is

c a l c u l ated and the event i s cre di ted to t he mont h i n whi ch the la rges t

energy exchange occurs. For example the th i rd event in Fig. 5—9 would

be cre di ted to Octo ber an d t he n in th event to November . The dura tion

of an event is defined as the time during which the forcing is greater

than the long—term mean. An additional pa rameter was the ratio of the

pea k va l ue of the forcing to the long—term daily mean. This pea~ —to—

mea n ratio (Fk) was used to exam i ne the effects o~ the larger events .

For i nstance we m i ght only examine events where Pk > 1.5 , etc. The

ana l ys i s was performed f i r s t  by def in ing  the forc in g eve nts in terms of

t he u
~
3 curves (mec hanica l events). Next the anal ysis was repeated

wi th the events def i ned by the curves (cooling events). The results

from both of these definitions w i l l  be presented .

The response of the ocean therma l structure was est i mated from the

seasona l sea—s urface temperature change (based on the surface marine
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F igure 5—9. Characteristic of event6.
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observat ions) that occurred during each event. The ratio of the cumula-

tive changes in sea—surface temperature taking place durin g the events

to the tota l seasona l cha nge is the percentage of the tota l response

that occurs during -the events. In a similar manne r, the perce ntage o f

the tota l durat ion , u~
3 and 

~n 
occurring during these events was calcu-

l ated. The large data gaps in the bathythermograph record would not per-

mi t ana l ys is of mixed layer depth during these events. However, the

exam p les p resented ear l i er i n t hi s cha p ter, and the results from the

numerica l models indicate that large changes in sea—surface temperatu re

are norma l ly accompanied by large changes in the mixed layer depth .

In the first part of this analysis we w i l l  examine the percentage

of t he mont h ly  forc in g an d respo nse t hat takes p lace wh en t he forc in g

(either u
~
3 or 

~~ 
is greate r than the long—term mean. The results of

th is analysis is presented in Tables 5—9 to 5—Il and is based upon the

24/23/15 seasonal records considered at OWS P/OWS N/OWS V.

The data presented in these tables is consistent with our origina l

hypothesis that a significant percentage of the atmospheric forcing and

oceanic response takes place durin g periods when the forc i ng is strong.

The first observation is the re l ative i nvariance in the durat ion of the

forcing at al l  stations. The mechanica l events characteristicall y are

shorter in duration than the cooling events because large air—sea tem-

perature and vapor pressure differences persist longer tha n the strong

winds. The relationship between the duration and the percentage of tur-

bulent kinetic energy exchanged during these periods is also very consis-

tent at al l  stations. At al l  stations a large percentage of u~~ takes

p l ace dur i ng a r e l a t i vel y short t ime frame . Although the magnitudes of

these l arge energy events are s i g ni f i c a n t l y  d i f fere nt at the th ree
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stat i ons, these data would support the suggestion , made from the histo-

grams , that the distribution of u*
3 is fairly invariant at the three

stations. Because includes both and it is much more variable

t han u~
3. During September, for  in stance , w hen t here is  nor ma l l y  a net

downward heat f l u x , a net up war d heat f l ux takes p l ace d u r i ng these st rong

forcing period s (compare 
~n 

at each station). This simply means that in

September t he surface  coo l in g t hat does take p lace pro ba b l y  occ u rs durin g

these strong forc i ng periods. It is also evident from these data that

there is net heating ta King place during October at al l  stations. This

is reflected by 0n 
be i ng greater than 00% during these monThs. As ex-

pected u~
3 is larger in the mechanica l events and 

~n 
is larger in the

cool ing e~ents.

The f inal , and most significant observation , is That durin g a l l

months (mechanica l and cooling events) a signific a n t oercentage of the

sea—surface temperature changes (~ SST) takes p lace during a relatively

short duration. Also the genera l trend in These data is that ~SST de-

creases as the seasons c rogress. This is true for cotn the mecha nica l

and the cooling events. This once again supports ~ he ar:ument that the

l a rge atmos~ neric forc i rg produces a larger oceanic response early in

the season wren the mixed layer is shal l ow.

The second cart of the anal y sis was designed to determine ohe charac-

ter i sti cs of t hese large  eve nts a~.d their relative importance to the

seasonal evolution of the therma l structure. The resu l ts of This

~na l ys i 5 ~re presented in Tables 5—1 2 to 5—1 4 in the order of increasin g

peak—to—mean ratios (Pk). Therefore the statistics in Table 5—1 2 reore—

sent every period in the record identified as an event , ~n i l e  ~-ose i n

Tabl es 5— 13 and 5—1 4 represen t onl y those eve~ l-5 wr~ere Pk > .5 ard
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Pk > 2.0 respect i vely. The first four entries in these tables (duration ,

u*
3
, 
~n’ ~

SST) are the percentage of the seasonal totals that occur dur-

ing these events. The fina l three entries are useful for comparing the

characteristics of the events at each station. -

The data i n these t ab les  supports the hypothes is t hat a s i g nifi cant

percentage of the energy exchange takes place during these large atmos-

phe ric forcing events and results in a large oceanic therma l response.

This may be easily verified by comparing the relationship between dura-

tion , u~
3
, ~~ and ~SST for both The mechanica l and coo l ing events I isted

in Table 5—1 2. Once again it may be observed from this table that , con-

sider in g al l  possible events , the percentage of duration of the cooling

events is larger than the mechanica l events. Comparing these same rela-

tionships in Tables 5— 13 and 5—1 4 shows the i mportance of the larger

events to the ucrer ocean evolution. The genera l trend is for the larger

mechanica l events to remain si gnificant wh i l e  the larger cooling events

become less mDortant . ~or example the cooling events with Pk > .C are

almost insi gnificant. The exception to This trend is OWS V . sno~~i d

be observed in Tables 5—1 3 and 5—1 4 that for Pk > 1 .5 ~SST is only 3l - ~

ao ~WS 1, and for Fk > 2.0 SST is reduced to on l y 22~~. These :enceno oes

are si gnificantly smaller than at OWS P and OWS N. It was nottO c rev ous—

ly tnat the intensification of the a-~1ospneric forc i ng does not occur

until Novemoer at OWS V. Therefore it is possible that t r e  large evenls

(Fk > 1.5 ) occur later in the season at OW S 1 and T h i s woul d accOunt ~or

the smaller sea—surface temperature response. Before disc ussing the

characteristics of the events one additiona l observation may be mEde by

•:cmraring u~
3 and 

~n 
during the mechanica l events in the tnree tables.

~t C~S P and OWS V , the percentage of u~~
3 

is consistent ly lancer than 
~
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while at OWS N i -I- is consistently smaller. This is additiona l evidence

t hat the sur face  coo l i ng at OWS N i s more close l y coup l e d to t he wi n d at

OWS N than at OWS P and OWS V.

The f ina l part of this analysis was to determine the princ i pa l charac-

ter istics of the large events. The fina l three quantities (number of

events/month , durat i on of the events, and peak—to—mean ratio) wi II demon-

strate that  t he character  of the eve nts i s ve ry s imi l a r  at OWS P a nd

OWS V but quite different at OWS N. In fact these quantities support the

hypothesis that these events are directly related to the properties of

the large winter  storms at OW S P and OWS V . w h i l e  they are related to

changes in the mean circulation at OWS N. Table 5—1 2 shows that the

average number of mechanical and coolin g events is largest at OWS P and

sma l l est at OWS N. At a l l stations a larger number of mechanica l events

occur than cooling events but have a shorter duration and a larger peak—

to—mean ratio. However it is important to observe that , for the mechani-

ca l  even ts , the duration and Pk (mean and standa rd deviation) are very

sim i l a r  at OWS P and WS V end noticeably different at OWS N. This be-

comes even more apparent for the lar ger events as may be seen in Tables

5—I S ~nd 5— ic . The larger m echanical events at lIS ~ and OWS V appea r to

be well organized on time scales of 2— 3 days , nave si m i l a r  Pk , and occur

at ~ne same freauency each month . These large even ’s at CWS N however ,

oc~~ r less f requent l y, are of longer duration , and exhibit a very lance
I

7 and variable pea k—to—mean ratio . These are exactl y the nature of the

statistics that would be expected if the events at OWS P and OWS V were

directly assoc i ated with the passage of extratro Dical cyclone systems.

The statistics at OWS N are compatible with the pres umoh ion tnat ~ne

even ts are related to a pulsin g of ~he mean circulation.

153



~~~~~~~~~~~ —

The important implication from this analysis is that these large

events occur frequently during the fall and winter at al l  stations.

Furthermore they play a significant role in determining the character—

istic evo l ution of the upper ocean Therma l structure. Therefore they

deserve special attention in any p red i ction scheme that attempts to

reproduce this evo l ution.
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V I . CONCLUSIONS

The pr inc i pa l objective of this research was to examine the upper

ocean t hermal  structure mod i fi cat i ons t hat ta ke p l a c e  in response to

strong atmospheric forc i ng events during the fall and early winter coo l-

ing seasons. The motivation was the fact that there was a serious gap

in our fundamenta l knowledge regard i ng the role that these strong events

play in the tota l therma l structure evolution durin g the fal l  and earl y

w i nter .

The one—d i mensiona l hypothesis was eva l uated at the three Nort h

Pacific Ocean weather stations using modified versions of tne Kraus and

Turner (1967) , Kim (1976), and Elsberry , et a l .  (1976) models. The

performance of the three mod els was eva l uated using 49 independent data

sets from the historica l series of mar i ne observations at 2WS F, 2WS N ,

and OWS V. Additiona l ly the EFT mode l was used to iso late ane examine

the relative importance of the princi pal one— dimensicna l mec ’ aris m s a

the three stations. Finally, the large body of surface arc near—s~.r ace

marine observations were examine d at the three N cr~ ’- ~aci ic Cce en

weather stations . A new analysis technique was emc!o~ ec ~: ceterc- i~ e

the relative importance of strong atmospheric forc i ng events in T~e tota l

fall and early winter therma l structure modifications at these stations.

From the anal ysis the follow i ng significant conclusions were crawn.

I . The i ntegrated effect of the strong ~a l l  end winter al-mosph eric

forc i ng events is the dom i nant factor in the modificati o n of ~he upper

ocean therma l structure at OWS P, 2WS N , and CWS V. For exampl e , these

strong events occurred durin g approx i mately 35% of the time a~ ~he )-nree
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ocean weather stat ions. However, 85%/68%/57% of the sea—surface tempera-

ture change at OWS N/OWS P/OWS V occurred during these periods . Observa-

tions from the individua l data sets indicate that one can expect similar

responses for mixed layer depth changes. It was therefore concluded

that these strong events can not be exc luded f rom any forecast scheme

develo ped to simulate upper ocean response during the cooling season.

2. The response of the upper ocean during the strong events investi-

gated in this study was largely one—dimensional. Additionally , a modi-

fied version of the EFT model consistently demonstrated better agreement

with observations than either the KT or KIM models . The KT model consis-

tent ly predicted mixed—layer temperature and depth changes which were

much larger than the observat ions. Th is  result  suggests that the f ract ion

of turbulent k inet ic  energy that is a v a i l a b l e  for entrainment is not a

constant fract i on of the turbulent k inet ic energy transferred to the

ocean by tne wind , as postulated by Turner (1969). The sucer io r  perform-

ance of tne EFT and K I M  mode ls relative to the KT mode l suggests that the

amount of wind—generate d turbulent kinetic energy arr ivin g at the mixed

layer i nterface decreases as the mixed—layer depth increases. However ,

t re exoo nen t ia l  paramete n izao ion of d i s s i p a t i o n  ennancement empic v ec in

tne EFT model was found to be more e f fec t ive  in preventinc excessive

deepening rates than the l inear  representation in the KI M model, It ~as

further concluded that the convective l y—generated turbu lent kinetic energy

is large l y non—penetrative , in agreement w i t h  G i l l  and Turner ( 19 76 ) .

3. During these strong forcing events a large component of the sea—

surface temperature change is due to the vert i ca l rl uxes of heat at the

surface and at the base of the deepening mixed layer . Decending or ~he

magnitude of the turbulent fluxes of kin etic energy, the hea~ exchanged
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at the air—sea interface , an d the depth of t he mi xed l aye r , e i ther  of

these heat fluxes may dom i nate the l oca l heat budget of the mixed layer.

However the i mportant conclusion that may be drawn from this research is

that an accurate specification of both fluxes is essential to understand-

i ng an d pre d ict i ng the sea—surface temperature changes. The ef fect  of

entra inment mix ing is most ev ident during ear ly  season events when the

sea—surface temperature decreases while the net surface heat flux is down-

ward . This means that a forecast scheme must be capable of predicting

the changes in the mixed layer depth to predict the sea—surface temoera—

ture evolut ion.

4 . The data sets examined in t h i s  study suggest that at CWS P the

large forcing events are largely dom i nated by mechanica l mixing . This

is evidenced by the entra inment heat f l u x  exceed ing the surface heat

fl ux , an d the increase of potential energy of the upper ocean. At OWS V

and OWS N, however , tre la rge m a j o r i t y of the cases showed that the

strong forcing events are dominated cy the convective process.

5. The adequacy -with w h i c h tne EFT model simulated the evolution

during these strong events suggests that a properly paramete rized turbu-

lent bulk model w i l l  be usefu l ‘or credicting the therma l structure

onanges over a period of a few weeks. Even curing periods when non—loca l

p rocesses were important , the EFT model was capable of cre d ictin g changes

in the therma l gradient. This property should be useful for estimating

the chang ing acoustic properties of the upper ocea n due to storm ac h i v i t - ;.

6. In agreement wi th the fin dings of Dorm an (lg7-) ) the modeling of

data sets at 3WS N and OWS V suggests that the inclusion of salinity

effects ma-i not be necessary to simulate the upper ocean therma l struc-

ture changes in the subtropics . Moreover , The results at OWS P suggest

that a mode l that neg l ects sali nity effects is capable of si m ulating the
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changes in the temperature structure during the early coo l ing season

in the subarctic reg ion as w e l l .

7. The examination of the seasona l trends in the mixed layer evolu-

t i on suggests t hat a la rge pe rce ntage of the c ha nges are un derstan da b l e

in terms of one—dimensiona l processes. A d d i t i o n a l l y ,  the capabilit y of

t he modi f i ed EFT mode l to s imu late l ay ?r retreat suggests that  it sho u l d

be useful for simulating therma l structure changes during the spring and

summer heating seasons .

8. The examination of the forcing terms showed that the distribu-

tion of the marine winds and turbulent heat fluxes are non—Gaussian at

the three ocean weather stations. The analysis showed that a l t houg h the

magnitude of the mechan i ca l forc i ng is largest at OWS P and sma l lest at

OWS N, ~t S f requency d is t r ibu t ion  is  s i m i l a r  at a l l  s tat ions.  The d i s —

t r ib u t- ion  of the turbulent heat f luxes were s i m i l a r  at OW S P and OWS V .

but d i ’ferent  at OW S N. It was demonstrated that th is  is related to the

fact that the large forc ing events at OWS P and OWS V are very s m i l a r

and are closely correlated to the extratrop i ca l cyclones That cass in

close proximity to these two stations. At OWS N , however , cyc lone ~ci1v—

it - -i is rare and the events are related to a pulsin g -of the mean ‘low .

Th is p u l s i n g  is probably  due to a strengthening of The north—so u n o res—

sure gradient as the large storms pass north of OWS N.

9. The f i na l conclusion is that the t iming of the large f a l l  and

w i n t e r  events and the character is t ics  of the under ly ing therma l structure

are i mportant to the seasona l evolution of the upPer ocean. I~ was

:emc -istrated that the strong forc ing events that occur ear l y j r  the

coo l ing season res u lt  in a much larger mixed layer response than co m par—

col e events occ u rrin g later in the season. This is because less turbulent
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k i net i c energy is available for entra i nment when the laye r is deep (dis-

si pation enhancement). It was further demonstrated that changes in the

mixed layer w i l l  be quite different depend i ng on the strength of the

thermoc l ine . Cursory exam i nation of records from OWS P suggests that

the strength or weakness of the seasona l thermoc l m e  depends on the

characteristics of the forc i ng during the spring and summer heating sea-

son. It is possible , therefo re, t hat t he la rge  forc i ng eve nts are

equally important in the formation of the thermoc l m e , during the spr ing

and summe r, as they are in its subsequent erosion during the fal I and

winter . It is recommended that future research be conducted during the

spring and summer periods to demonstrate the role of strong events during

these seasons.
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APPEND IX A

COMPUTAT I ONAL FORMULA S FOR SURFACE FORC I NG

A. RAD I ATIVE FLUXES AT THE SEA SURFACE

The heat ga i ned or lost by the oceans at the air—sea interface by

ra di ant  energy f a l l s  into two spectra l regions. The first , rang i ng

from 0.1 to 4 microns (l0 ~~ cm), i s  t he short wave ra di at i on rece i ved

from the sun. The long wave , 4 to 50 microns , is commonly known as the

back radiat ion and represents a net loss of heat from the ocean to the

atmosphere or space. These two spectra l ranges are v i r t u a l l y  exc lus i ve ,

th us perm i tt i ng comp ut a t i o n s of t hese ra di at i ve f l uxes to be perfo rme d

separately.

A number of emp irica l formulas are available for computing the in-

solat i on arriving at the sea surface and Reed (1975) has reviewed and

eva l uated the most commonly used expressions. Reed found that results

oc ’ained f rom the formula developed dv Secke l and Beaudry (1973) , were

consist enil-, in better agreement with data collected at five coastal

staTions . Therefore this expression is used to calculate the clear—sk y

radiation (~~~) in this Study.

= A0
+ A

1 
cos~ + B

1 
si n ~ + A

2 
cos 2~ B. sin 2Q (A —I )

where is in langley (ly) per day,

= -~~~-— (~ —2 l )
365 -

and t is the ju l i a n day of the year. The coe f f i c i e n t s  (A 0, etc.) were

calculated by a harmonic representation of the values presented in the
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Sm ithsonian Meteoro l ogica l Tables (List , 1 958). This clear-sky va l ue

mus t be corrected for  t he p resence of c l o ud s a nd r e f l e c t i on from the

sea surface. Gunter Secke l (persona l commun i cation ) has suggested that

the cu bic cloud correction of Laevastu (1960) and a reflection coeffi-

c ient modeled after Anderson (1952) are suitable at the ocean stations.

Therefore ,

= K (I — R )  ( A— 2 )

calculates the solar energy penetratin g the air—sea i nterface and

I -

R a a b

The coefficient 0 is the tota l observed cloud cover (in tentns ) and

a is the mid—day elevation angle of the sun. The constants , a and

b , are adopted from Tabata ( 1 9 6 0 ) , and for C < 0.5 , a = 0.33 and

b = —0.42 , w h i l e  for C > U.S , a = 0.21 and b = —0.29

The largest source of error in (A—2 )  is the parameter izat ion of the

ef fects  of c loud cover and the sub ec t i v i hy  invo l ved in observa- i- ion.

Moreover , the a p p l i c a t i o n  of th is  expression for averages less than mean

monthly va l ues introduces another p o s s i b l e  scurce of error , as discussed

by Reed and Ha l pern ( 1975 ) .  In th is  research (A—2 )  was used to estimate

0 on -a daily basis with C taken as the mean cloud cover during the

daytirno .

The net long wave rad ia t ion 
~~~ 

is a funct ion of the rad ia t ion

em i tted f rom the sea surface to the atmosphere , minus the energy radiatec

f rom The a i r  mass and absorbed by the ocean. Both of These quan t i t i e s

depend upon the fourth power of the abso l ute temperature of the emitt i ng
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body (Stephan Boltzman Law) w i t h  su itable correction factors for cloud

cover and vapor content of the atmosphere. A representative formula

reported by Husby and Secke l ( 1 9 7 5 )  is

~b 
= l . l 4x l 0 7 (273 . l6 + T ) 4 (0.39-0.05 ~~~) ( l- 0 . 6C 2 ) (A-3 )

where 
~b 

is in l y/day, T5 is the sea—surface temperature (°C), and

Ea 
is the saturated vapor pressure of the atmosphere (a~ a hei ght of

10 m ) in m i l l i b a r s .  This vapor pressure was ca l cu Ia~ed s i nc ~~e O f f— •

Gratch (1946) formulation of the Claus i us — 1a:e - .’r:- n ecuat on , .si—o The

dew point temperature (T
d
) as the entering arOument . S:~ a’icr (~~— 3 )

the mod i f i ed  Brunt ( 1932 )  fo rmula  wit h tne em p i r i ca l co rs t ~~~~ c’~ B~ u,~~c

(1 956), end the largest uncertainties are introauced ~~ r:-~:~~~” .- c i c uc

correct ion factor and the use of -over land co’-star s. -

B. TURBULENT FLUXES OF HEAT ,
~ND MCMENTLM

The turbulent fluxes of la~ent neat (0 ), sensible beat (~~~~~ ) , ende

momentum (-t ) at the air—sea i nter face were represented by the so—ca l led

bu lk  aerodynamic form u l as.

~s 
= 
~a~ D ~~ 

x IO~ ) (d-/n es/cm ) ( A — 0 )

= 3, ’67 CD (0.98 E5 — E )  : (l y/cay ) (A—5)

°b 
= 2,488 O

~ 
(T
s
_T

a
) U (ly /day ) (A-6)

where u i s  the mean wind speed (m/sec ), Ta is the air temperature

(°C), E is the saturated vapor pressure of the ma r’ine a i r  d i rec tl y i n

contact with the sea sur ’ace (O. 3 corrects for salt effects ), and

is the non—d i mensiona l dreg coefficier~ . ~ constant drag coefficient
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(1.3 x lO
s) is used in a l l  computations in this thesis and is consis-

tent wi -r h the range of values reported in the literature.

The accuracy of these expressions has been the subject of many de—

tailed studies and the main sources of error are the underly ing assump-

tions of a neutrally stable atmosphere and constant and equa l exchange

coefficients (moisture , momentum , and heat). Businger , eta l . (1 971),

f rom ove r l a n d va l ues , a nd P a u l s o n , eta l . (1 972), f ro m data co l l e c t e d

at sea , have demonstrated that the moisture and heat coefficients are

nearly equa l but quite -different from the coefficients of momentum ex-

change. Furthermo re, studies by Ceardorff (1968) , DeLeonibus (1971 ) ,

and Davidson (1974) have round that these coefficients are very depen—

dent on the stabi I ity of the marine boundar ’/ layer and the roughness c-f

the sea surface. Neverthe less , they affor~ tne only practica l means

for computin g these ‘‘ uxes , usinc tne meteoro l og i ca l ooservations avail-

able in the ocean ,~cather station f i l e , and are -used -roughout tn is

research.
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APPENDIX B

THE NUMER I CAL SCHEME FOR THE ONE-
DIMENSIONAL TURBULENT BULK MODELS

A simple numerica l scheme was developed wh ich is cacable of incor-

poratin g the various assumptions of the Kraus— urner (1967) , Elsberry,

eta l . (1976) , and Kim (1976) models in a consistent manner . This rou-

t ine is a m o d i f i c a t i o n  of the -a lgor i thm presented by Thompson ( I - 7 6 ) ,

and IS desi gned to calcu l at e the coTenti al energy m cc if i cat ion s due to

vert :al fluxes of nea t arc turbulent KI netic enem y.

The NC DC mechanica l oaonvtnermoc raph s That -were used to in i t i a l i z e

and v a l i c a t e  the models were -di gitized in f i v e  meter increments s ta r t ing

at the sea—sur face. In the mode l , this temperature pro f ile is stored in

N equally —spaced grid intervals [—(n—I ) ~~~ , —n~ Z , where n 1 ,2,..,, l ,

and ~Z = 2.5 m~ For a profile in -which the temperature is well mixed

no a dept h of —n~~ , the first r~ v~~lues -of T crc equa l to T
1 
. Dur-

ing i n i t i a l i z a t i o n  H- was assumed ha tk e Temperature - ‘cried I inear l v

with depth in each five meter i ncrement in the ST c ro nil e , and the model

profi l e was chosen to conserve the neat content of tne ST :rofi l -e .

In the m odel the potential energ y (PE) per uni t area may be exoressec

as

FE = _p 0~af T:cz (B-I )

where D is a cepth which is deeper than the maximum ce re t rat ion  of the

~-erti caI turbu l ent p rocesses (typically the deepest l eve l in the model) .

- non—loca l processes are small re l ative to the vertica l fluxes , and

i f  density changes due to sal in H -y changes can be ignored , and ~i is

164

_ _ _ _ _ _ _ _ _ _  ~~~-- 



constant, changes in the potential energy calculated by l B—I ) w i l l  be

representative of the changes in the poten tial energy per jrit area

of the ocean ,

After mixing the top n grid i ntervals a further mixing of the layer

to a depth — (n+l )~ Z wi l l  result in a change in potential energy (APE )

of -I-he co l umn by

~PE(n) = ~ p
0ga

n(~ Z)
2 (T

n 
- T I

) (B-2)

r-or T — T ÷1 > 0 , this m i xin g increases the potential energy and

OFEm (n) w i l l  represent tne amount 0f turbulent kinetic energy chat must

ce expended to accomplish the m i xing. However , if the co l umn is  unstable

(T — T~~~1 
< 0), this mixin g w i l l  re l ease potential energy , and ~PE 2(n)

w i l l  represent tre turbulent K ine t i c  energy generated D~~ free convection.

At the beg inning of each time step L\t = I hr ) th~ surface heat

fluxes are adped to optain

* *T (t+~t) = T (t)+~ tLQ (t )±O  (o ,t )-~~ (~ Z,t ~~~~~ (3-3)n a s

T(t~Ot) = ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (B-c)

‘or n=2 ,3,...,N , and t = + ~~t . The effective insolation (~~ ) was

distributed by assum i ng 50% absorption in the first meter and the re-

mainder taken to deca y as exp (—yZ). The average extinction coe fficient

(y) was assumed constant at 0.003 cm 1 , w h i c h  is  tb~ value used by Der—

man end M i - i cke (1973). I f the result ng temperature pr-o fi Ic is unstab l e

CT 1 < T,) tne first two int er- i-als are mi x e c and the resu l~~ing tur bu ic n~

~ine tic energy (‘~?E) generated by the convection is calculate d acoorc nc
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to (B—I ). This process cont inues until a stable temperature profile is

established (T
k > Tk+l

) and the upper layer is i sotherma l to a depth

Z = —kLZ . At the end of this evo l ution the potential energy of the

co l umn w i l l  be reduced by

~PE (n) , (B—5)

n I

w h i ch i s a l s o  equa l to t he tota l generation of turbulent kinetic energy

by free convection.

Further mix ing  w i l l  require an expenditure of turbulent K ine t i c

energy .

The algorithm must also be modified to account for di ssipat i on en—

hanceme n -n (EFT and KIM) , tne storage of turbulent kinetic energy (KIM) ,

and the fract i on of cor-iec t ive l y zererated tu rbulent kinetic energy tha t

is u t i l ized  for entrainment HOT , EFT, and KIM). We star~ b~ defining

the total amount of tu rbu le~ t kineti c energy , ET (n) , a v a O l a b l e  for mix-

ing the first n levels w t n  level r+l as

E (n) = 6 (n) + 6 — E (n) — 6 (n) ( 6 — 6 )T m c o S

The mechanically generated turbule nt k ineti c energy i s E~~(n) ; E is

the ‘raction of (6—5) available ‘or entra i nment , 6 (n) is the amount

of turbulent  k i ne t i c  energy prev i ousl y expended to mix the layer to

eve l n , and 6 (n) is the amount of tirp u ent Kinetic ener gy - th at is

storec as the layer deeDens to a deoth — r~~~

For the K I M mode l ,

(l . 2~ p w ~
3(t) - PoDb

n
~~
) ~c , (6-7)
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w here D
b 

is a constant background dissipation equa l to 2 x 0 ’
~ cm

2
—

sec 3
. For the K~ an d EFT mode l s ,

E (n) = [pw
~
3 t )  exp(-n~Z/Z ~t , (8-8)

with

for KT
Z = (8—9)

50 m fo r EFT

Therefore (3—7) , (8—8), and (B—9) express the cepth dependence of dissi-

pation (dissipation enhancement) formulated by Kim (1976) and Elsberry ,

etal . (1976). in the Kraus and Turner (1967) model dissipation is

neg l ected , and the amount of surface production , p0w~
3 ( t )  , available

for mixin g is independent of depth.

Further ,

E = -r ~PE (n) (8-10)

wnere m is the fract ion of the convective l y generated t urbulent K i n e t ic

energy u t i l i z e d  for entra i nment . In a l l models used in this study r =

. 1 5 f o l l o w i n g  G i l l  and Turner ( 1976 ) .  Therefore the Kr model here is

equiva lent  to ~ modified version discussed by G i l l  and Turner (1976).

F i n a l l y ,

E ( n) = 

~~~~ 

~P E ( i )  
‘ (3 1 1 )
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and n— I

4.5 p0hz w *
3 t * , fo r K I M

E = (B—l2)
S

• 0 , for KT and EFT

Thus (8—Il ) is used to ca l culate the turbulent kinetic energy expended

to deepen the layer from the free—convection depth to —nL~Z . For K I M ,

(B—12) ca l culates the amount of turbulent kinetic energy stored as the

mixed layer deepens beyond The mixed layer depth of the previous time

step [i.e., 9~ Zl t+At) > h (t)~~.

If E
T
(n) > ~PE (n) , there is enougn energy to mix T through Tn+1~

I f  there is i nsu f f i c ien t  energy to mix completely , ET
(n) < 

~
PEm (n)

then we follow Thomp son (1976) and partially mix; i.e., set

nE
1
(n)

(n+l )i
~

PEm (n)

¶ = aT~~ 1 
+ (n—a ) T :/n

a Tn + (I—a ) Tn+l

then set T. = T , for i= l ,2 ,.~~ n, T~~ 1 = T’ . The mixed —layer tempera—

ture at each t i m e  step is equal to T 1, but since the algorithm does not

calcu late the mixed layer depth , it is defined as the depth at w hion the

temperature is 0.2°C less than T
1 .

The relative importance of mechanica l mixin g and free convection to

the evolution of the mixed layer were investigated by comcaring the rela-

t i v e  contr ibut ion of 
~

PEm and ~FE to APE . An important part ~~
this Study was to quantify the relat ive magnitudes of the surface and

en tra i nment heat ~I uxes. The surface heat fluxes were calculated , as
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described in Appendix A , from the surface marine observations. The en-

tra i nment heat flux (—A ~T) was calc ulated , in the models , as the

heat gained by the profile (during each time step) in l evels n+l to n+m

as the mixed laye r deepens between levels n and n+m.
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